The effect of titanium on phosphorus removal during Basic Oxygen Steelmaking by Drain, Phillip Brian
University of Wollongong
Research Online
University of Wollongong Thesis Collection 2017+ University of Wollongong Thesis Collections
2018
The effect of titanium on phosphorus removal
during Basic Oxygen Steelmaking
Phillip Brian Drain
University of Wollongong
Unless otherwise indicated, the views expressed in this thesis are those of the author and do
not necessarily represent the views of the University of Wollongong.
Research Online is the open access institutional repository for the University of Wollongong. For further information contact the UOW Library:
research-pubs@uow.edu.au
Recommended Citation
Drain, Phillip Brian, The effect of titanium on phosphorus removal during Basic Oxygen Steelmaking, Doctor of Philosophy thesis,
School of Mechanical, Materials, Mechatronic and Biomedical Engineering, University of Wollongong, 2018. https://ro.uow.edu.au/
theses1/489
The effect of titanium on phosphorus removal during Basic 
Oxygen Steelmaking  
 
 
 
By 
 
Phillip Brian Drain ME(Research) B(MATERIALS)E 
 
 
 
A thesis submitted in fulfilment of the  
requirements for the award of the degree of 
 
 
DOCTOR OF PHILOSOPHY 
(Materials Engineering) 
 
 
from 
 
 
UNIVERSITY OF WOLLONGONG 
FACULTY OF ENGINEERING AND INFORMATION SCIENCES 
SCHOOL OF MECHANICAL, MATERIALS, MECHATRONIC AND BIOMEDICAL 
ENGINEERING 
 
 
 
 
September 2018
  
II 
  
 
Certification 
 
 
I, Phillip B. Drain, declare that this thesis, submitted in fulfilment of the requirements for the 
award of Doctor of Philosophy, in the Faculty of Engineering and Information Sciences, 
University of Wollongong, is completely my own work unless otherwise referenced or 
acknowledged. This document has not been submitted for qualifications at any other academic 
institution. 
 
 
Phillip Brian Drain 
 
September 2018  
III 
  
 
Abstract 
 
Efficient removal of impurities such as phosphorus and titanium in the Basic Oxygen 
Steelmaking (BOS) process is critical for minimising the processing cost while achieving the 
required specification of steel. Historically, this has been achieved by the selection of iron ores 
that are low in phosphorus and titanium. However, the higher cost of these low impurity ores 
is an economic driver for steelmakers to investigate the effect of various impurities on key 
reactions such as dephosphorisation.  
 
The effect of titanium on phosphorus removal during BOS has been investigated in this study. 
TiO2 and Ti were found to decrease the thermodynamic driving force for dephosphorisation, 
represented by the phosphorus partition (LP) and phosphate capacity (CPO43−). The observed 
decrease in LP and CPO43− was attributed to lowering the slag basicity in CaO-SiO2-MgO-FetO-
TiO2 slags at 1650°C. The Assis et al. [1, 2] LP model was used to assess the experimental LP 
data using the measured slag composition and temperature. Experimental LP data from this 
study and Selin’s study [3, 4] were used to modify the Assis et al. LP model to include (TiO2). 
An empirical CPO43− model was developed for BOS slags using a large dataset of published slag 
and pO2 data for relevant slag systems, including published data for titanium oxide containing 
slags. The predicted CPO43− from the empirical model was found to agree with the 
experimentally determined CPO43− data from the current study. 
 
TiO2 was found to increase the rate of dephosphorisation through an increase in mass transfer 
in the slag (i.e. kFeO). This was attributed to the presence of the Ti
3+/Ti4+ pair increasing the 
mobility of oxygen in the slag. Analysis of industrial BOS data found increasing TiO2 
correlated with increasing phosphorus removal under high pO2 and basicity conditions. This 
observation may also be partly explained by the effect of the Ti3+/Ti4+ pair. The effect of TiO2 
on CaO dissolution and slag viscosity may also contribute to the improvements in phosphorus 
removal. The rapid phosphorus removal observed in the first second of reaction in slag-metal 
droplet experiments at 1650°C, and subsequent approach to the effective equilibrium within 
three seconds suggests dephosphorisation is primarily determined by the interfacial area and 
the dynamic interfacial oxygen potential. This result is significant for the development of an 
overall kinetic model for the BOS process. 
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Definitions and Nomenclature 
 
BOS Basic Oxygen Steelmaking 
Phosphate P2O5 
Titania TiO2 
(%Fet) mass% of total Fe in slag phase 
(%FetO) mass% of total Fe in slag phase as FeO 
Lime CaO 
Silica SiO2 
Alumina Al2O3 
( ) in slag solution 
[ ] in liquid iron solution 
%i mass % of i 
Mi molecular weight of oxide i 
N mole fraction of oxide 
X Equivalent cation fraction of oxides in slag  
R universal gas constant, 8.314 JK-1mol-1 
T Temperature in K 
Λ optical basicity of slag 
Λi  optical basicity of single oxide of species i 
log log base 10 
ln Natural log base e 
A Interfacial surface area 
𝑎 Raoultian activity 
𝐶 Mole concentration  
CPO43− Phosphate capacity of slag  
𝐷𝑖  Diffusivity of species i 
𝑓𝑖  Henrian activity coefficient of species i in metal  
Δ𝐻° Standard heat of formation  
ℎ𝑖  Henrian activity of species i in metal  
𝐽𝑖  Diffusion flux of transported species i (mole/cm2s)  
𝐾  Reaction equilibrium constant  
𝑘𝑖  Mass transfer coefficient for species i 
𝐿𝑃  Phosphorus partition  
𝑀  Molecular mass  
pO2 Oxygen potential 
𝑉𝑖  Volume of metal or slag  
𝑊𝑖  Weight of metal or slag  
𝜌𝑖  Density of metal or slag  
𝜂  Viscosity  
𝑟∗  Critical nucleus radius of CO bubble  
𝜇  Gas velocity across slag-metal interface  
𝜎  Surface tension  
𝛾𝑖  Raoultian activity coefficient of species in slag  
χ  Pauling electronegativity  
𝜎  Surface tension  
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1. Introduction 
 
Phosphorus, generally, has a negative effect on the mechanical properties of steel. This is 
primarily because phosphorus leads to a decrease in steel ductility [5-7]. Consequently, 
phosphorus is usually controlled to ~ 0.01 mass% or less in steels [8] to achieve the desired 
mechanical properties. Historically, this has been achieved via the selection of low phosphorus 
iron ores. However, these ores come at a cost premium. This cost is a significant driver for 
dephosphorisation research.  
 
Integrated steelmaking via the blast furnace and basic oxygen steelmaking (BOS) route is the 
dominant form of steelmaking, however recent expansion in electric arc steelmaking has seen 
the market share decrease. The conditions in the blast furnace result in over 96% of phosphorus 
reporting to the hot metal [2]. Hence, dephosphorisation is typically carried out in either hot 
metal pre-treatment or the BOS converter.  
 
In the BOS process, hot metal is converted into steel in a basic oxygen furnace (BOF). This 
furnace is typically lined with MgO-C refractories. A lance is used to inject oxygen into the 
hot metal at high speed (>Mach 1). The oxygen preferentially oxidises impurities such C, Si, 
Ti, and P. Fluxes are charged to form a basic slag to facilitate the removal of P from the molten 
bath and to protect the refractory lining.  
 
The key advantages of the BOS process are the high production rates of approximately 300 t/h 
and the ability to produce high-quality steel, thereby minimising the time required for 
secondary refining. The refining reactions for silicon, titanium, sulphur and phosphorus 
removal all occur simultaneously in the BOS process. They are also interdependent, for 
example, oxidation of carbon lowers the oxygen potential (pO2) for the dephosphorisation and 
increases the temperature of the liquid steel; both have a negative impact on  dephosphorisation. 
 
The ability to utilise low cost, low-quality ores high in phosphorus and other impurities such 
as titanium oxides (i.e. TiOx) potentially offers an economic advantage for integrated 
steelmakers. However, an improved understanding of the effect of impurities such as TiOx on 
dephosphorisation is required if steelmakers are to utilise these ores without adverse effects on 
quality, production rates and flux consumption.   
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In theory, increasing the titanium load entering the BOS should inhibit dephosphorisation by, 
▪ TiO2 decreasing the slag basicity [3, 4, 9-11], and 
▪ Ti decreasing the oxygen potential available for the reaction [12]. 
However, there is limited data about the effect of TiO2 and Ti on dephosphorisation under 
conditions representative of the BOS process [3, 4, 9-11]. Furthermore, anecdotal evidence 
from industry suggests a moderate increase in either TiO2 or Ti may aid in phosphorus removal. 
Hence, this study evaluated the effect of TiO2 and Ti on the dephosphorisation ability of 
synthetic slags in the CaO-SiO2-MgO-FetO-TiO2 system at temperatures and compositions 
representative of the BOS process. 
 
Dephosphorisation in the BOS process is not an equilibrium reaction. Consequently, the effect 
of TiO2 and Ti on the kinetics of dephosphorisation also needs to be considered. Although the 
reaction kinetics in the BOS process is not well understood, recent developments in droplet 
theory, including “bloating” phenomena [13], may provide a mechanism to explain the rates of 
dephosphorisation observed. Hence, this study elucidates the effect of TiO2 on 
dephosphorisation in metal droplets at temperatures and compositions representative of the 
BOS process. 
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2. Literature Review 
 
2.1. Thermodynamics of Dephosphorisation 
Industrial dephosphorisation does not occur at equilibrium, however understanding the 
thermodynamics is necessary in the study of the reaction kinetics to define the driving force, 
reaction direction, equilibrium phase compositions and boundary conditions for the reaction. 
The driving force, known as the Gibbs free energy of formation reaction (ΔG), can be 
calculated for the phosphorus oxidation from liquid iron (equation 2.1) as shown in equation 
2.2. The standard ΔG° of P2O5 formation is positive at steelmaking temperatures between 
1450°C and 1750°C and therefore cannot be formed in its pure state.  
2[𝑃] + 5[𝑂] = (𝑃2𝑂5)
 2.1 [14] 
ΔG°= –832384 + 632.65T Jmol-1 2.2 [14] 
 
However, extensive thermodynamic studies on phosphorus removal have found P2O5 is stable 
as a solute in basic slags [15-30].  These studies generally describe the dephosphorisation in 
the BOS by the ionic reaction in equation 2.3 [31, 32]. The interdependent nature of ionic 
species in slags prevents the calculation of ΔG° for ionic reactions. Therefore, it is still 
convenient to consider the simple molecular reaction (equation 2.1) which can be related to the 
ionic reaction via the dissolution reaction for phosphorus pentoxide in basic slag, shown in 
equation 2.4,  
2[𝑃] + 5[𝑂] + 3(𝑂2−) = 2(𝑃𝑂4
3−) 2.3  
(𝑃2𝑂5) + 3(𝑂
2−) = 2(𝑃𝑂4
3−) 2.4 
where [P] = phosphorus in liquid iron, (O2-) = basicity ion in slag, [O] = oxygen in liquid 
iron, and (PO4
3-) = phosphate ion in slag. 
 
The equilibrium constant (equation 2.5) for the oxidation reaction 2.1 can be used to show the 
effect of phosphorus activity in iron, phosphate activity in slag and oxygen potential (i.e. 
oxygen activity) on dephosphorisation. The Raoultian and Henrian activities are used in non-
ideal solutions to express an effective concentration where the solutes interact resulting in non-
ideal behaviour. Henrian activities are used for dilute solutions (<0.1 mass% of solute) while 
Raoultian activities are used for more concentraed solutions.  
𝐾(𝑃2𝑂5) =
𝑎(𝑃2𝑂5)
ℎ[𝑃]
2ℎ[𝑂]
5 2.5 
where 𝑎= Raoultian activity, h = Henrian activity, and subscripts denote species. 
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It can be seen from equations 2.3 to 2.5 that the key factors affecting dephosphorisation 
reactions are phosphorus activity in liquid iron, phosphate activity in slag, slag basicity, oxygen 
potential (ℎ[𝑂]) and temperature. These factors are discussed in turn in the following sections. 
 
2.1.1. The Effect of Phosphorus Activity [P] 
In basic oxygen steelmaking, the phosphorus content range is ~0.1 mass% in the hot metal to 
~0.01 mass% on tapping the converter. The Henrian activity for this composition range can be 
calculated from equation 2.6 [33]. The Henrian activity coefficient (fp) can be calculated by 
equation 2.7 for a multi-component solution like liquid iron in basic oxygen steelmaking. It 
can be seen from equation 2.7 that the presence of other solutes (designated by i) affects the 
activity of phosphorus in the liquid iron. The interaction parameter (𝑒𝑃
𝑥) for each solute 
determines the impact of the solute on the Henrian activity as shown in 2.7 [33], 
 
ℎ[𝑃] = 𝑓𝑝[%𝑃] 2.6 
𝑙𝑜𝑔𝑓𝑃 = 𝑒𝑃
𝑃[%𝑃] + ∑ 𝑒𝑃
𝑥[%𝑥] 2.7 
where fp = Henrian activity coefficient [P] and [%P] = mass% of Phosphorus. 
 
The interaction parameters at 1600°C reviewed by Hino and Ito [12] for solutes important in 
the BOS are given in Table 2.1. The influence of temperature on these activities can be 
determined using regular solution behaviour and the assumption of a constant 𝑅𝑇𝑙𝑜𝑔𝑓𝑃 [33]. 
Hence, increasing temperature lowers the activity.  
 
Table 2.1: First Order Interaction Parameters for [P] (𝑒𝑃
𝑥) at 1600°C [12] 
x = Al C H Mn N O P S Si Ti V 
 0.037 0.126 0.33 -0.032 0.13 0.13 0.054 0.034 0.099 -0.04 -0.024 
 
It can be seen from Table 2.1 that O, C, N, H, Si, P and S have positive phosphorus interaction 
parameters and therefore these solutes increase the phosphorus activity in iron and improve 
dephosphorisation. Mn, V, and Ti lower the phosphorus activity and therefore have a 
deleterious effect on dephosphorisation. 
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2.1.2. The Effect of P2O5 Activity 
Increasing the Raoultian P2O5 activity in molten slags is detrimental to phosphorus removal, as 
shown by equation 2.5. The Raoultian activity for (P2O5) is given by equation 2.8 [33],  
𝑎𝑃2𝑂5 = 𝛾𝑃2𝑂5𝑁𝑃2𝑂5 2.8 
where 𝛾𝑃2𝑂5= Raoultian activity coefficient of P2O5 and 𝑁𝑃2𝑂5= mole fraction of P2O5. 
 
Turkdogan et al. [25] and Suito et al. [34-39] have found 𝑎𝑃2𝑂5ranges between 10
-12 and 10-20 
in basic oxygen steelmaking slags. Many studies have investigated and proposed empirical 
models for the Raoultian activity coefficient (𝛾𝑃2𝑂5) [14, 25, 34-51]. Although empirical 
models are typically limited to the temperature and composition ranges for which they were 
developed, the models developed for steelmaking conditions (slag composition and 
temperature) remain useful for understanding the general trends influencing the activity. In 
general, the published 𝛾𝑃2𝑂5 models describe a linear relationship between slag basicity and 
log (𝛾𝑃2𝑂5) whereby the addition of basic oxides (e.g. CaO, MgO, FeO, MnO) lower the activity 
and acidic oxides (P2O5 and SiO2) increase the activity. However, there is significant variation 
in the temperature dependence in these models. Turkdogan found the activity coefficient was 
independent of temperature at low P2O5 concentrations (0.2 mass% to 1.0 mass%) and CaO 
less than 60 mass%, and only became temperature dependant above 10 mass% P2O5 and above 
40 mass% CaO [14]. 
 
The recent model of Basu et al. [49], given in equation 2.9, was developed for steelmaking 
conditions and was also found to give satisfactory predictions for most of the published 𝛾𝑃2𝑂5 
data [15, 16, 34, 52-55]. 
log( γ(P2O5)) = -8.172XCa2+-7.169XFe2+-1.323XMg2++1.858XSiO44−+
340
T
 - 11.66 2.9 
where X is the ionic fraction. 
 
2.1.3. The Effect of Slag Basicity (O2-) 
The oxidation of phosphorus from liquid iron via equation 2.1, does not form a stable oxide at 
steelmaking temperatures (1450°C-1750°C) because of the high activity of P2O5.  The activity 
of P2O5 is lowered by high basicity slags, as discussed in section 2.1.2. This decrease in P2O5 
activity occurs via the dissolution and dissociation of P2O5 in basic slags as shown in equation 
2.4. Given the importance of slag basicity (O2-) in the dephosphorisation reaction, it is 
important to understand how it is defined and measured. 
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The oxidation of impurities to refine molten steel forms a mix of predominately acidic oxides 
known collectively as slag. These acidic oxides (SiO4
4-, TiO4
4-, PO4
3-, AlO4
5- and FeO4
5-) bond 
via bridging oxygen anions (shown in Figure 2.1 [56]), resulting in short-range ordering from 
the formation of polymer chains and networks.  
  
Figure 2.1: Schematic of a network of tetrahedra formed by acidic oxides [56]. 
 
Basic oxides (CaO, FeO and MgO) form O2- ions that break polymer chains into smaller units 
as shown in Figure 2.2. The polymerisation of a silicate slag can be represented by the 
equilibrium between singly bonded, twin bonded and free oxygen ions as shown in the ionic 
reaction in equation 2.10 [57, 58]. Consequently, slag basicity represents the degree of 
polymerisation in slag [7, 57-59].  
 
Figure 2.2: Schematic of the depolymerisation of a silicate network by metal oxide [60]. 
 
2(𝑂−) = (𝑂°) + (𝑂2−) 2.10 
where (O-)= single bonded, (O°)= twin bonded, and (O2-)= free oxygen ions. 
 
Common approaches for defining slag basicity include: 
▪ The Lux-Flood approach where the acid-base reaction is characterised by the exchange of 
O2- ions, and therefore basicity may be represented in terms of 𝑎𝑂2− [61] 
▪ The Lewis approach where basicity is characterised by the ability to donate a negative 
charge, hence anions including O2- behave as bases and cations behave as acids. In this 
definition, basicity is considered more applicable for slags and is expressed by the state of 
polarisation of oxygen ions in the slag [61]. 
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Experimental determination of slag basicity is difficult because of the inability to measure the 
activity of a single ion that is a consequence of the interdependent nature of ionic species in 
slags [58]. Consequently, a range of simplified approaches and models have been developed to 
estimate slag basicity [31, 56, 61-73], however, none of these is fully comprehensive. A 
selection of the more common slag models is reviewed in this section.  
 
v-ratio: The most common approach used in industry for measuring basicity is the v-ratio 
defined in equation 2.11 [62-64]. The advantage of this approach is the simplicity; however, it 
is limited by the assumption of complete dissolution of fluxes and the absence of many slag 
components.  
𝑣 =
%𝐶𝑎𝑂
%𝑆𝑖𝑂2
 
2.11 [62-64] 
 
Optical Basicity: This method can quantify the average electron donor power of oxygen ions 
present in a slag. Optical basicity defines basicity in terms of lime equivalents where CaO is 1. 
The optical basicity of a multi-oxide slag can be calculated via equation 2.12 using the values 
reviewed by Sommerville and Yang [61] given in Table 2.2, 
Λ = 𝑋𝑖Λ𝑖 + 𝑋𝑗Λ𝑗 +⋯ 2.12 
where Λ = optical basicity of slag and Λ𝑖 = optical basicity of species i. 
 
The optical basicity of transition metal oxides (e.g. iron oxide and titanium oxide) is dependent 
on the oxygen potential, since the higher valency ion is normally significantly less basic than 
the lower valency ion [61]. This partly explains the significant variations in the reported optical 
basicity of TiO2 with values from 0.55 to 0.72 [64, 74-78]. It can be seen from Table 2.2 that 
K2O, Na2O and BaO are all more basic than CaO. Although many studies [22, 23, 36, 38, 39, 
79-96], have shown these oxides are better dephosphorising agents than CaO, CaO is 
predominately used in steelmaking. The prevalence of CaO use is a function of the lower cost, 
higher availability, and lower environmental, health and safety issues associated with its use 
compared to K2O, Na2O and BaO [97].  
 
Table 2.2: Recommended Optical basicities for various oxides [61] 
oxide CaO MnO FeO MgO Fe2O3 Al2O3 TiO2 SiO2 P2O5 
 (Λ)   1 0.95 0.93 0.85 0.69 0.65 0.65* 0.48 0.4 
*alternate values published range from 0.55 to 0.72 [64, 74-78] 
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Non-Bridging Oxygen atoms to Tetrahedrally coordinated atoms (NBO/T): Slag basicity 
may also be represented by the ratio of non-bridging oxygen atoms to tetrahedrally coordinated 
atoms (NBO/T) [56, 73] given in equation 2.13. This approach represents the slag basicity 
based on the degree of polymerisation of the slag structure [73]. 
𝑁𝐵𝑂
𝑇
= ∑ 𝑛
𝑀𝑖
𝑛+
𝑇
𝑖
𝑖=1 =
∑2(NCaO+NMgO+NFeO+NMnO)+6(1−f)NFe2O3  − 2NAl2O3+f2NFe2O3
∑NSiO2+2NAl2O3+f2NFe2O3+NTiO2+2NP2O5
  2.13 
 
where 𝑀𝑛+ = network modifying cations, T = tetrahedrally-coordinated atoms, N = mole 
fraction, 𝑓 = fraction of Fe2O3 acting as a network breaker (approximately 1 in steelmaking 
slags [98]). 
 
The Effect of Titanium on Basicity 
This study is focused on the effects of titanium on phosphorus removal in basic oxygen 
steelmaking. Therefore, the influence of titanium on slag basicity throughout the BOS heats 
should be examined. Ti4+ and Ti3+ are stable in molten slag. However, the Ti3+/ Ti4+ ratio varies 
depending on the slag composition, oxygen potential, basicity and temperature [99, 100]. Ti4+ 
is a network forming ion and is, therefore, an acidic oxide in BOS slags. However, high TiO2 
contents in silicate slags like BOS slags have been found to weaken the network structure [99]. 
This may be due to the substitution of TiO2 for SiO2 into the network structure.  
 
Ariyo et al. [101] investigated the oxidation state of titanium in CaO-SiO2-TiOx slags at 1873K. 
They found Ti4+ behaved amphoterically up to a CaO/SiO2 mole ratio of 1 and, except in very 
high basicity slags, Ti3+ exhibited basic behaviour. They found the Ti
3+/Ti4+ ratio decreases 
with increasing basicity, oxygen potential and TiOx content up to a minimum at ~25% TiOx. 
This is in good agreement with the work of Tranell et al. [102] who also observed the Ti3+/ Ti4+ 
ratio increases with temperature. This behaviour may be represented by an ion exchange 
reaction in equation 2.14. The relationship with temperature may be represented by the ΔG° 
for the reduction of TiO2, given in equations 2.15 and 2.16. 
𝑇𝑖𝑂4
4− = (𝑇𝑖3+) + 
7
2
𝑂2− +
1
4
𝑂2(𝑔) 2.14 [102] 
𝑇𝑖𝑂2(𝑆) = 𝑇𝑖𝑂1.5(𝑆) +
1
4
𝑂2(𝑔) 2.15 [101] 
ΔG°= 189954 -48.5T Jmol-1 2.16 [101] 
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Therefore, titanium oxides can be seen to increase the basicity of slags under a low oxygen 
partial pressure, low basicity (less than CaO mol%/ SiO2 mol% = 1) and low titanium oxide 
concentrations. These conditions only apply to the BOS during slag formation and while 
decarburisation rates remain high.  
 
2.1.4. The Effect of Oxygen Potential 
As phosphorus can exist as phosphate (PO4
3−) or phosphide (P3-) ions, the oxygen potential 
determines the stable form of phosphorus in slags.  Dephosphorisation of hot metal can 
therefore occur under oxidising or reducing conditions [41] as shown in equations 2.17 and 
2.18 respectively. Since basic oxygen steelmaking slags have oxygen potentials in excess of 
10-13 atm [103-108] only phosphorus removal under oxidising conditions will be discussed in 
this study.  
[𝑃] +
5
4
𝑂2(𝑔) +
3
2
(𝑂2−) = (𝑃𝑂4
3−) 𝑝𝑂2 > 10
-13 atm 2.17 [103-108] 
[𝑃] +
3
2
(𝑂2−) = (𝑃3−) +
3
4
𝑂2(𝑔) 𝑝𝑂2 < 10
-13 atm 2.18 [103-108] 
 
Since dephosphorisation is a heterogeneous reaction involving both the slag and metal phases 
the oxygen potential at the interface between these phases controls the reaction [7, 108-110]. 
The oxygen potential is primarily controlled by [C] and (FetO), because of their relatively high 
concentrations compared to other iron solutes and slag oxides, [111]. Reported values for 
oxygen potential of dephosphorisation fall in the range between those fixed by carbon saturated 
iron (4.6x10-16 atm) and slag iron oxides (>10-13 atm) at 1600°C [103-108]. Consequently, 
neither the (FetO) nor [C] exclusively controls the oxygen potential. Hence, the oxygen 
potential, dependent on conditions, determines the rates of supply of (FetO) and [C] to the slag-
metal interface. However, some common representations are 𝑎(𝐹𝑒𝑡𝑂), ℎ[𝑂], pO2 and 
𝑝𝐶𝑂2
𝑝𝐶𝑂
. These 
can be related back to the dephosphorisation reaction in equation 2.3 via the reactions in 
equations 2.19 to 2.28. Whilst all these representations are useful some are more appropriate 
under specific conditions, hence each of these are discussed in turn in the following sections. 
1
2
𝑂2(𝑔) = [𝑂] 2.19 ΔG°= -115750-4.63T Jmol
-1 2.20 
ℎ[𝑂] = 𝑓𝑂[%𝑂] 2.21 𝑙𝑜𝑔𝑓𝑂 = 𝑒𝑂
𝑂[%𝑂] + ∑ 𝑒𝑂
𝑥[%𝑋] 2.22 
Fe(l) + [O] = (FeO) 2.23 ΔG°= -116950+49.94T Jmol
-1 2.24 
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[𝐶] +
1
2
𝑂2 (𝑔) = 𝐶𝑂(𝑔) 2.25 ΔG°= -136994-43.54T Jmol
-1 2.26 
𝐶𝑂(𝑔) +
1
2
𝑂2 (𝑔) = 𝐶𝑂2(𝑔) 2.27 ΔG°= -279700+84.96T Jmol
-1 2.28 
where fO = Henrian activity coefficient, [O] = mass% of oxygen. 
Note: The thermodynamic data used in this study are provided in Appendix 1.  
 
The Effect of Oxygen Activity (𝒉[𝑶]) 
The oxygen potential has been found to be controlled by the metal phase under highly stirred 
conditions [7, 108, 110]. Under these conditions, a high oxygen activity shifts the 
dephosphorisation equilibrium reaction toward the production of phosphate ions shown by the 
equilibrium constant given in equation 2.5. The Henrian activity (h[O]) for [O] can be calculated 
using the equations 2.6 and 2.7, the interaction parameter data in Table 2.3 and the metal 
composition. On review of the interaction parameters in Table 2.3, it can be seen that the 
majority of alloying elements (Al, C, Mn, N, O, S, Si, Ti, V) in steel lower the oxygen activity. 
The alloying elements found to increase the oxygen activity were H and P. Assuming regular 
solution behaviour [33] giving a constant 𝑅𝑇𝑙𝑜𝑔𝑓𝑃, then it can be seen that higher temperatures 
result in a lower Henrian activity. Hence, the primary alloying elements in steel (Al, C, Mn, N, 
O, S, Si, Ti, V, H, and P) all have a significant effect on the oxygen activity and therefore on 
dephosphorisation. 
 
Table 2.3: First Order Interaction Parameters for [O] (𝑒𝑂
𝑥)  at 1600°C [12] 
Al C H Mn N O P S Si Ti V 
-1.17 -0.421 0.73** -0.021 -0.14* -0.174 0.07* -0.133 -0.66 -1.12 -0.141 
** low-reliability data, *medium reliability data 
 
In practice, the silicon content in the metal has been found to inhibit dephosphorisation above 
0.2 mass% [111]. Therefore, it is reasonable to assume titanium is unlikely to have an inhibiting 
effect on the dephosphorisation reaction given the low concentration of titanium in hot metal 
(~0.060 mass%). However, titanium does increase the activity of Si in the metal, hence 
prolonging the duration of the inhibiting effect of silicon. Liu et al. [112] confirmed this in 
their investigation of hot metal pre-treatment via vanadium and titanium powder injection 
where dephosphorisation was only observed at [Ti]+[Si]+[V] ≤ 0.26-0.30 mass%. Conversely, 
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Mn lowers the activity of both Ti and Si reducing the inhibiting effect on the dephosphorisation 
reaction. 
The Effect of Oxygen Partial Pressure (pO2) 
The oxygen potential is often represented as an oxygen partial pressure (pO2) under laboratory 
conditions where the gas phase is tightly controlled to fix the oxygen potential.  
 
The Effect of Iron Oxide Activity (𝒂(𝑭𝒆𝒕𝑶)) 
Many studies [24, 113-116] have found the oxygen potential for dephosphorisation to be 
controlled by the total iron oxides in slag, as represented by equation 2.23. The equilibrium 
constant for this reaction can be rearranged to solve for the partial pressure of oxygen as shown 
in equation 2.29. It can be seen that the partial pressure of oxygen is dependent on the 𝑎(𝐹𝑒𝑡𝑂) 
in slag and the equilibrium constant. From equation 2.30 it can be seen that higher temperature 
results in a lower equilibrium constant and therefore a larger partial pressure of oxygen. 
𝑝𝑂2 = (
𝑎𝐹𝑒𝑂
𝐾
)
2
 2.29 
 
𝐾 = 𝑒(
−ΔG°
𝑅𝑇
)
 2.30 [33] 
 
The 𝑎(𝐹𝑒𝑡𝑂) in slag has been the subject of many studies in steelmaking [24, 46, 113-116]. The 
influence of CaO, MgO, FeO and SiO2 on FeO activity is shown Figure 2.3 and the 
relationships have been verified by more recent studies [113]. The 𝑎(𝐹𝑒𝑡𝑂) shows a clear 
maximum when the basicity ratio is between 0.1 and 0.25. This maximum becomes less distinct 
with increasing FeO content as the basicity of the slag is diluted. Several authors [7, 15, 16, 
32] have attributed the low phosphorus removal at high FeO contents to this dilution effect 
reducing the driving force for dephosphorisation.  
 
The 𝑎(𝐹𝑒𝑡𝑂) has also been assessed in the FetO-SiO2-TiO2-(CaO, MgO, AlO1.5) system at 
1400°C by Matsuzaki et al. [117-119]. It was found that replacement of SiO2 by TiO2 causes a 
very slight increase in the mole fraction of FetO at a constant activity of FetO [119]. It was 
concluded that the effect of TiO2 on the 𝑎(𝐹𝑒𝑡𝑂) was approximately analogous to that of SiO2 
[119]. Therefore it is reasonable to assume that TiO2 can be included in the 𝑎(𝐹𝑒𝑡𝑂) vs. basicity 
relation as shown in Figure 2.3b) by defining the basicity mole fraction as shown in equation 
2.31. 
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𝐵𝑎𝑠𝑖𝑐𝑖𝑡𝑦 𝑀𝑜𝑙𝑒 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛 =
%𝐶𝑎𝑂 +%𝑀𝑔𝑂
%𝑆𝑖𝑂2 +%𝑇𝑖𝑂2
 2.31 
a) b)  
Figure 2.3: Activity of FeO in the CaO-FeO-MgO-SiO2 system at 1600°C a) shown as a 
ternary activity diagram b)  shown as activity vs. basicity ratio [46]. 
 
The Effect of Multivalence Metals Fe3+/Fe2+ and Ti4+/Ti3+ 
The oxygen potential of slag is also affected by the presence of oxides with different oxidation 
states. Belton [120] and Wie et al. [108] report an increase in Fe3+ with increasing oxygen 
potential, as shown by equation 2.32 and Figure 2.4. From Figure 2.4 a correlation is evident. 
However, there remains significant scatter in these data. 
2(𝐹𝑒2+) + 
1
2
𝑂2(𝑔) = 2(𝐹𝑒
3+) + (𝑂2−) 2.32 
 
Figure 2.4: Oxygen potential versus Fe3+/Fetot [108]. 
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Like iron, titanium ions of different valences coexist in slag melts [100]. Titanium in its low 
oxidation state (Ti3+) lowers the oxygen potential of slag by changing the Fe3+/Fe2+ via the 
reaction shown in equation 2.33. However, Tsukihashi et al. [100] found that titanium existed 
mainly as Ti4+ in steelmaking slags, hence higher TiO2 contents correlate with high oxygen 
potential, as shown by equation 2.34.  
Fe3+ + Ti3+ = Fe2+ + Ti4+ 2.33 [100] 
TiO2(S) = TiO1.5(S) +
1
4
O2(g) 2.34 [101] 
 
Matsuzaki et al. [117-119] found the ratio of Fe3+/Fe2+ increased with increasing TiO2/SiO2 as 
shown in Figure 2.5. Therefore, the higher TiO2/SiO2 ratio also correlates to a higher oxygen 
potential. This may be attributed to TiO2 having a lower negative deviation from ideal solution 
behaviour with increasing FetO content of the slag [117].  
 
Figure 2.5: Relationship between Fe3+/Fe2+ ratio and mole fraction of SiO2 + TiO2 for the 
FetO-SiO2-TiO2 slag in contact with solid iron at 1673K [117]. 
 
The Effect of Carbon Monoxide and Carbon Dioxide (CO and CO2) 
Carbon lowers the oxygen partial pressure by the formation of CO(g) and CO2(g), as shown in 
equations 2.25 and 2.27.  This can be seen by rearranging the equilibrium constants for these 
reactions to calculate the oxygen partial pressure as shown in equations 2.35 and 2.36. Since 
these representations of oxygen potential require accurate measurement of the partial pressures 
of CO and CO2, they are normally limited to laboratory studies.  
𝑝𝑂2 = (
𝑝𝐶𝑂
[ℎ[𝐶]]𝐾𝐶𝑂
)
2
 2.35  
𝑝𝑂2 = (
𝑝𝐶𝑂2
𝑝𝐶𝑂𝐾𝐶𝑂2
)
2
 2.36  
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2.1.5. Estimation of Dephosphorisation Equilibria 
Dephosphorisation studies using both laboratory and industry data use a variety of methods to 
predict and understand the slag-metal equilibria for phosphorus [12, 121, 122]. Many of these 
studies are empirically and theoretically based on the concept of ionic or molecular constituents 
in the slag. The results of phosphorus equilibria studies are often presented as an equilibrium 
constant, phosphate capacity or phosphorus partition. The phosphate capacity and phosphorus 
partition are defined and discussed in this section.   
  
2.1.5.1. Phosphate Capacity (𝐂𝐏𝐎𝟒𝟑−
) 
Phosphate capacity, CPO43−, is one of the fundamental thermochemical properties of a slag that 
describes the ability to hold phosphorus as phosphate and is defined by Wagner [58] in equation 
2.37. The phosphate capacity assumes the activity coefficient for phosphate ions remains 
constant in the slag with increasing phosphorus content,  at significant concentrations that may 
cease to be true [123]. These assumptions allow the phosphate capacity to be used to rank the 
dephosphorisation ability of various slags independent of the experimental conditions. Hence, 
the phosphate capacities of various slags have been reported in many studies, many of which 
have recently been compiled in a review by Hino and Ito [12]. However, none of the studies 
reviewed contain titanium oxides. The phosphate capacity can be related back to the 
dephosphorisation reaction in equation 2.3 using equations 2.38 and 2.39. 
CPO43− =
(%PO4
3−)
pP2
1/2
pO2
5/4
=
Ka
O2−
3/2
fPO43−
 2.37 
where (%𝑃𝑂4
3−) = mass% of phosphate ion in slag 
 K = equilibrium constant for equation 2.3 
 𝑝𝑃2= partial pressure of phosphorus gas 
 𝑝𝑂2= partial pressure of oxygen gas 
 𝑓𝑃𝑂43−= activity coefficient of (%𝑃𝑂4
3−) 
 𝑎𝑂2−= activity of O
2-
  
 
1
2
𝑃2(𝑔) = [𝑃]  2.38 [14] 
ΔG°= –122173 + 19.25T Jmol.1  2.39 [14] 
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The literature reviewed in sections 2.1 and 2.1.3 suggests phosphate capacity data has a strong 
correlation with high basicity slags [96]. A decrease in phosphate capacity may in part be offset 
by an increase in the activity of FetO, thereby resulting in a similar degree of dephosphorisation. 
This is the case observed with the addition of slag fluidisers such as CaF2 and CaCl2 in CaO-
MgO-FetO-SiO2 slags [11, 35, 106, 124-128]. This mechanism may be relevant when 
considering the effect of TiO2 on dephosphorisation in the current study.  
 
Tsukihashi et al. [100] have shown the relationship between phosphate capacity and the 
capacities of vanadium, niobium, titanium and manganese for CaO-Na2O-CaF2-SiO2 slags 
shown in Figure 2.6. In the absence of phosphate capacity data for slag systems containing 
titanium oxides, these relationships are useful for understanding the effect of TiO2 on 
dephosphorisation. Selin [3, 4] also observed increasing phosphate capacity with Al2O3, TiO2 
and VO2. Overall, the replacement of SiO2 with TiO2 and VO2 was found to improve 
dephosphorisation while Al2O3 had a similar effect to SiO2. However, Selin’s study is limited 
to slags with less than 12.6 mass% TiO2, Al2O3 and VO2. 
 
 
Figure 2.6: Relationship between the capacities of vanadium, niobium, titanium, manganese 
and phosphate for CaO-Na2O-CaF2-SiO2 slags saturated in CaO and 3CaO·SiO2 at 1300°C 
[100]. 
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2.1.5.2. Phosphorus Partition (LP) 
The phosphorus partition (LP), defined in equation 2.40, is often used to represent phosphorus 
equilibrium between slag and metal. Although other definitions are used throughout the 
literature, this is the most common. Hence, where phosphorus partitions from other studies are 
presented they have been converted to this form for ease of comparison.  
𝐿𝑃 =
(%𝑃)
[%𝑃]
 2.40 
 
The phosphorus partition has been extensively researched with many studies having published 
different LP equations [121, 129]. Over 80 different LP equations have been published (see 
Appendix 2). While some are evolutions of earlier equations, most were developed for different 
slags systems or operating conditions. For example, some LP equations include 
dephosphorisation agents like Na2O and CaF2, while others were developed for either hot metal 
pre-treatment slags or electric arc furnace (EAF) steelmaking slags. In general, a review of the 
published LP equations finds the same trends with slag basicity, oxygen potential and 
temperature discussed previously. The recently published Assis et al. [1] LP model, given in 
equation 2.41, incorporates a significant amount of the published laboratory LP data and is 
therefore convenient for comparing the experimental LP data with other studies. 
logLP = 0.068[(%CaO)+0.42(%MgO)+1.16(%P2O5)+0.20(%MnO)] + 
11570
T
 - 10.52  
+ 2.5log(%Fet)            
2.41 
 
Selin [3, 4, 9] investigated the effects of titanium on the phosphorus partition in EAF 
steelmaking with a high amount of direct reduced iron (DRI) in the feed. This may be the only 
extensive investigation focused on the effects of titanium on phosphorus removal. There are 
limited data sets for dephosphorisation in TiO2 bearing BOS slags reported by Usui et al. [10] 
and Kor [11]. However, the Usui et al. [10] data are confined to low (≤1.3 mass%) TiO2 
concentrations. The data reported by Kor [11] are of limited use since only the combined total 
of TiO2 and Al2O3 is reported.   
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2.2. Kinetics of Dephosphorisation 
Dephosphorisation is a heterogeneous reaction where the system is one that involves two 
phases (e.g. slag and metal) that react across an interface [79]. Dephosphorisation in basic 
oxygen steelmaking is a non-equilibrium reaction because of the significant disparity in the 
oxygen potential of the two phases involved, where the 
▪ slag has a high oxygen potential because of the high FeO content, and/or 
▪ the metal has a low oxygen potential because of the high [C] content [2, 7, 32]. 
 
Given the non-equilibrium nature of the reaction, an understanding of the reaction kinetics is 
required to describe dephosphorisation. Dephosphorisation reaction kinetics are complicated 
by 
▪ high rates of heat and mass transfer, 
▪ complex metal and slag flow induced by the supersonic oxygen jet, 
▪ metal droplet generation and droplet bloating, 
▪ formation of a slag-metal-gas emulsion and spontaneous emulsification, 
▪ formation of solid phases in the slag, 
▪ varying rates of flux dissolution and scrap melting during the blow, and 
▪ simultaneous refining reactions for carbon, silicon and phosphorus removal during 
steelmaking. 
 
2.2.1. Reaction Order  
Researchers generally agree the dephosphorisation reaction is a first order process [7, 91, 110, 
130-144]. The notable exception is the finding by Werme et al. [79, 80] of a zero order reaction 
in the initial stages before transitioning to a first order rate controlled below 0.05% [P]. This 
may in part be explained by the significantly higher phosphorus concentrations (0.2-0.7 
mass%) used, and therefore higher thermodynamic driving force, compared to other studies 
(typically 0.1 mass%). 
 
2.2.2. Rate Controlling Mechanism  
Dephosphorisation in the BOS is commonly assumed to be controlled by mass transfer of P in 
either the metal, the slag or in both phases [7, 13, 32, 79, 80, 110, 133-143, 145-150]. The rate 
controlling mechanism is the slowest step or combination of steps in the reaction [2, 151], 
which occurs by  
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▪ mass transfer in the metal phase of [P] towards the slag-metal interface, 
▪ mass transfer in the slag phase of (O2-) towards the slag-metal interface, 
▪ mass transfer of oxygen to the slag-metal interface commonly considered to be (FeO) in 
the slag phase, 
▪ chemical reaction at the slag-metal interface for the formation of (PO34-), and 
▪ mass transfer in the slag phase of (PO34-) away from the slag-metal interface. 
 
The assumption of mass transfer control is in part based on the minor variations observed in 
the dephosphorisation rate with changes in temperature, where a chemical reaction controlled 
process is known to have a high sensitivity to changes in temperature [132, 133, 135, 142]. 
Aratani et al. [130, 131] is the only study to suggest the rate is initially chemical reaction 
controlled before transitioning to mass transfer controlled. This is likely to be due to the 
experimental configuration where a low temperature solid CaO particle was added to a Fe-P 
melt, thereby causing a lower temperature at the CaO-Fe interface limiting the chemical 
reaction until the particle temperature equilibrated with the melt.  
 
Researchers generally agree dephosphorisation is controlled by mass transfer of phosphorus. 
However, the literature is split between mass transfer control in the slag phase [7, 32, 133, 143, 
150] or mixed slag-metal mass transfer control [110, 134, 135, 138, 141]. Recent work by Gu 
et al. [13, 149] found dephosphorisation is initially mixed slag-metal phase controlled and then 
shifts to mass transfer control in the slag phase as slag FeO is depleted. This may in part be due 
to a lower decarburisation rate and subsequently lower agitation of the slag phase and a lower 
thermodynamic driving force for dephosphorisation caused by the lower interfacial oxygen 
potential. This finding helps rationalise the rate controlling phase(s) reported in the literature.   
 
The notable exception is the finding by Borode and Bell [137] of mass transfer controlled in 
the metal. Borode and Bell [137] investigated the rate of phosphorus transfer from carbon 
saturated liquid iron to soda slag at 1400°C. The finding of mass transfer in the metal may in 
part be explained by the combined effects of low viscosity, high phosphate capacity slag and 
slag stirring induced by the evaporation of soda. Irrespective, the use of soda-based slags in the 
BOS is uncommon because of environmental concerns. Therefore, it is unlikely these 
conditions would be observed in the BOS. 
 
19 
 
Generally, dephosphorisation is not considered to be limited by oxygen supply because of the 
high FeO content of BOS slags and relatively fast mass transfer of oxygen in slag (discussed 
in section 2.2.3). However, the rate of dephosphorisation is significantly affected by the 
interfacial oxygen potential [7, 13, 32, 108, 110, 143, 149], as explained by the change in 
thermodynamic driving force (section 2.1). In particular, increasing rates of decarburisation 
has been found to have a strong inverse relationship with the dephosphorisation rate [7, 13, 32, 
108, 110, 143].  This is of importance in the BOS because of the competing and simultaneous 
nature of the decarburisation and dephosphorisation reactions. 
 
2.2.3. Mass Transfer of Oxygen in Molten slag as FeO  
The interfacial oxygen potential is primarily controlled by the balance between consumption 
by [C] and supply via reducible oxides in the slag, primarily FeO, as discussed in section 2.1.4. 
Therefore, it is important to understand the mechanisms of oxygen transport in the slag to 
understand the effect on dephosphorisation.  
 
Generally, oxygen is primarily transported in the slag as O2- or O-anions hopping from site to 
site on silicate chains [152-156]. Consequently, charge balancing via concurrent transport of 
cations [157-161] or countercurrent transport of electrons [162, 163] is required. Barati and 
Coley [152, 153] found electronic conductivity is dominant in FeO-CaO-SiO2 slags with FeO 
≥5 mass% and is proportional to the square of the FeO content. 
 
Barati and Coley [152, 153] describe the electronic conduction mechanism in FeO-CaO-SiO2 
slags occurs by small polaron hopping, first described by Mott et al. [164, 165], where electrons 
are transferred from a low valence (Fe2+) cation to a neighbouring high valence cation (Fe3+). 
Consequently, electronic conductivity is proportional to the concentration of adjacent Fe2+-Fe3+ 
couples. This mechanism may also apply to other multi-valent oxide systems, including Ti3+-
Ti4+ and Mn2+- Mn3+, that are known to exist in steelmaking slags.  
 
2.2.4. Rate Equations for Dephosphorisation  
Since dephosphorisation is well accepted to be a first order mass transfer controlled reaction 
(section 2.2.1 and 2.2.2), then the reaction rate may be represented by the respective flux 
equations in the metal and slags phases, as shown in equations 2.42-2.43, and graphically in 
Figure 2.7 [166], 
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- 
d[%P]b
dt
 = 
A
𝑊𝑚
 kmρm([%P]b – [%P]i) 2.42 
d(%P)b
dt
 = 
A
𝑊𝑠
 ksρs((%P)b – (%P)i) 2.43 
where A = slag-metal interfacial area (m2) W = mass of phase 
ρ = density of phase k = mass transfer coefficient 
%P = phosphorus content t = time 
Subscripts m, s, b, i denote metal, slag, bulk, and interface respectively. 
 
Figure 2.7: Double film mass transfer, δ is the slag-metal interfacial film thickness [166] 
 
Assuming equilibrium at the interface, the interfacial concentrations of phosphorus can be 
related to the LP, given in equation 2.40 
LP = 
(%P)𝑖
[%P ]𝑖
 
 
A simple mass balance can be used to relate the rate of change in each phase, as shown in 
equation 2.44.  
d(%P)
dt
WS = −
d[%P]
dt
Wm  
2.44 
 
By substituting equations 2.40, 2.43, and 2.44 into equation 2.42, the rate equation for mixed 
slag-metal mass transfer control is obtained (equation 2.45) [13]. 
−
d[%P]
dt
=
𝜌𝑚𝐴
𝑊𝑚
1
𝜌𝑚
𝑘𝑠𝜌𝑠𝐿𝑃
+
1
𝑘𝑚
([%P]b −
(%P)𝑖
𝐿𝑃
) 
2.45 
 
Subsequently, the ko can be defined by equation 2.45, as shown in equation 2.46  
ko =
1
𝜌𝑚
𝑘𝑠𝜌𝑠𝐿𝑃
+
1
𝑘𝑚
  2.46 
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Integration of the rate equations 2.42, 2.43, 2.45 normalises the driving force to give the 
integrated rate equations 2.47 to 2.49 [13].  
−k𝑚t = (
[%P]0−[%P]e
[%P]0
) (
W𝑚
ρ𝑚A
) ln [
[%P]b−[%P]e
[%P]0−[%P]e
] 2.47 
−kSt = (
[%P]e
[%P]0
) (
WS
ρSA
) ln [
[%P]b−[%P]e
[%P]0−[%P]e
] 2.48 
−k0t = (
Wm
ρM𝐴
1
1 +
Wm
LPWs
) ln [(1 +
Wm
LPWs
)
[%P]
[%P]0
−
Wm
LPWs
] 2.49 
 
The interfacial area is assumed to be constant in the above derivation. However, the interfacial 
area is known to change with time in the BOS process, as detailed in section 2.2.5. 
Subsequently, the time-averaged surface area is substituted into equations 2.47 to 2.49, where 
the calculation of the time-averaged surface area is defined in equation 2.50 [13].  
𝑆∗(t) =
1
𝑡
∫𝑆(𝑡)𝑑𝑡
𝑡
0
 2.50 
where S*(t) and S(t) are the time-averaged surface area and instantaneous interfacial areas, 
respectively. 
 
2.2.5. Defining the Slag-Metal Interfacial Area  
The slag-metal interfacial area in industrial basic oxygen steelmaking is difficult to define 
because of the complex and dynamic nature in the slag-metal-gas emulsion formed in the BOS. 
This is significant as the dynamic slag-metal interfacial area produced in this emulsion can be 
over 100 times greater than the static slag-metal interfacial area [167]. Brooks and Subagyo 
[168] attempted to model this effect using equation 2.51 which assumes an ideal system with 
mono-sized spheres of liquid metal suspended in the slag [168].  
Area
tonne
=
0.87φ
Dp
 2.51 
where φ = fraction of metal in the emulsion to the total metal in the furnace 
 DP = diameter of mono-sized droplets (m) 
 
If 50% of the metal enters the emulsion and droplet size is between 1 and 2 mm then the total 
slag-metal interface area is between 218 and 435 m2/t. This is similar to the measured slag-
metal interfacial area of 186 m2/t in the BOS process found by Meyer [169]. 
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The first order rate equation (2.8) shows that the large slag-metal interfacial area produced in 
the slag-metal emulsion ought to yield higher rates of dephosphorisation than the metal bath. 
Schoop et al. [167] investigated the phosphorus content in the metal droplets and found the 
concentration was approximately 10% of the concentration in the metal bath. Millman et al. 
[170] made a similar observation, where the phosphorus content of the metal droplets was 
generally lower. Consequently, researchers [146, 149, 167, 170] have postulated that 
phosphorus removal is driven primarily by reactions with the metal droplets in the slag-metal 
emulsion. 
 
Recent studies  [2, 109, 143, 145-147, 171-204] have found the slag-metal interfacial area of 
metal droplets to change with time because of phenomena such as spontaneous emulsification 
and droplet bloating. The transient nature of the slag-metal interfacial area, the equilibrium 
driving force, temperature gradients and fluid properties are challenging to model using 
ordinary differential equations [145]. A study on the transient kinetics of slag-metal reactions 
by Brooks et al. [145]  found the first order steady state differential equation 2.42 may only be 
employed when there is a small variation in the mass transfer coefficient, the equilibrium 
driving force and slag-metal interfacial area. These researchers [145] have successfully 
modelled transient behaviour caused by the 
▪ changing equilibrium driving force in desulphurisation, 
▪ changing residence time of droplets in the emulsion caused by droplet ‘bloating’, 
▪ changing slag-metal interfacial area caused by varying interfacial tension, and 
spontaneous emulsification. 
 
Brooks et al. [145] represent the overall kinetics for a reaction in the BOS process via the 
summation of the flux of a particular species at distinct interfaces in the system, as shown in 
equation 2.52. This approach replaces the invariant slag-metal bulk interface assumed in the 
coupled reaction model of Robertson et al. [136, 205].  Brooks et al. [145] expanded this 
relation into the partial differential form shown in equation 2.53, 
Joverall = ∑ Ji
i=m
i=1
 2.52 
Joverall =∑
dCi
dt
Vi
Ai
i=m
i=1
 2.53 
where m = number of slag-metal interfaces in the system, J = flux (mol/m-2s-1), Vi = volume 
(m3), Ci = concentration of i (mol/m
3), and Ai = slag-metal interfacial area (m
2). 
23 
 
 
Since Ci, m, Vi and Ai all vary with time as the dephosphorisation reaction progresses and 
droplet shapes and size change then a general analytical solution to equation 2.52 is unlikely 
and numerical approaches will be required [145]. Investigations in the field by researchers such 
as Brooks and Coley have yielded a comprehensive decarburisation model by Dogan et al. 
[171-175, 178] and the dephosphorisation model by Rout et al. [146]. This modelling approach 
and the mechanism influencing the slag-metal interfacial area are discussed in section 2.3. 
 
2.3. Modelling Dephosphorisation Kinetics using Droplet Theory 
Several researchers [110, 133-136, 138-142, 205-222] have continued to develop and improve 
the kinetic modelling of dephosphorisation. These models have been able to include a dynamic 
equilibrium model, FeO generation model, scrap melting, flux dissolution and partitioning of 
P2O5 between the solid and liquid phase in the slag [219]. However, many of these models are 
constrained because of limited or empirical definitions of, 
▪ slag-metal interfacial area [206, 207],  
▪ mass transfer coefficients [208-215], and  
▪ the volume of each reaction zone (i.e. the emulsion and metal bath) [217]. 
 
Many models have attempted to account for this by introducing empirical terms for mixing 
such as the Jet Oxidation Index [216] or the specific mixing power [206, 207]. Additionally, 
several of the models do not have inputs that account for any changes in physical properties of 
the slag or metal (e.g. viscosity and interfacial tension). Consequently, the slag-metal 
interfacial area (A) and mass transfer coefficient (k) in equation 2.42 effectively become tuning 
parameters and vary depending on the physical properties of the slag-metal emulsion and the 
physical nature of the system such as the geometry of the lance and converter, oxygen lance 
height and bottom stirring rate [146].  
 
Rout et al. [146] have recently published a dephosphorisation model using metal droplet 
generation as a fundamental mechanism for determining the slag-metal interfacial area as a 
function of time in the BOF converter. This model calculated both the micro-kinetics of a single 
droplet and the macro-kinetics of the bulk metal to determine the overall kinetics, as shown in 
equations 2.54 and 2.55, respectively. This is the approach used by Oeters [223] and Schoop 
et al. [167]; however, they were constrained by the lack of understanding of droplet behaviour 
in the slag-metal emulsion available at the time.   
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𝑊𝑏
𝑡
[%𝑃]𝑏
𝑡
100
= 𝑊𝑏
𝑡−Δ𝑡
[%𝑃]𝑏
𝑡−Δ𝑡
100
− (
∂𝑃em
∂t
) Δ𝑡 − (
∂𝑃s
∂t
) Δ𝑡 2.54 [146] 
∂𝑃em
∂t
=
1
𝑊𝑒𝑚
∑
𝑚𝑖
100
(𝑃𝑒𝑚
𝑡+Δ𝑡 − 𝑃𝑒𝑚
𝑡 )𝑛𝑖=1
Δ𝑡
 2.55 [146] 
where 𝑊𝑒𝑚 = weight of all droplets (kg), 𝑛 = number of droplets, 𝑚𝑖 = mass of a single droplet, 
Δ𝑡 = time step chosen for calculation, and Δ𝑡 < residence time of metal droplets. Subscripts b, 
s, em denote bulk, slag and emulsion respectively. 
 
Rout et al. [146] represented the micro-kinetics in a single metal droplet by a modified version 
of the equation 2.42, where the mass transfer coefficient (k), slag-metal interfacial area (A) and 
volume are replaced by dynamic rate parameters denoted by the subscript t.  
∂[%P]b
∂t
= −
k𝑡A𝑡
V𝑡
{[%P]b − [%P]i} 2.56 
 
The boundary conditions for this equation are defined as: 
[%P]𝑖
𝑏 = [%P]𝑖,0
𝑏  𝑎𝑡 𝑡 = 0   [%P]𝑖
𝑏 = [%P]𝑖,𝑡
𝑏  𝑎𝑡 𝑡 = 𝑡 
 
The mass transfer coefficient was defined by combining the surface renewal model proposed 
by Higbie [224] and the residence time model developed by  Brooks et al. [182] as shown in 
equation 2.57.  
 
k𝑃 = 2(
𝐷𝑃𝑢𝑑
𝜋𝐷𝑑
)
1/2
 2.57 
where 𝐷𝑃 = diffusivity of phosphorus in slag 𝐷𝑑  = apparent diameter of droplet 
 𝑢𝑑= overall velocity of droplets in slag  
 
At the macro-kinetic level, the rate of dephosphorisation in the slag-metal emulsion was 
determined by the summation of the dephosphorisation rates of all the droplets, as shown in 
equation 2.55. Although Schoop et al. [167] and Millman [225] found dephosphorisation 
occurs primarily in the slag-metal emulsion, the influence of dephosphorisation at the slag-
metal interface still needs to be considered. Rout et al. [146] approached this by performing a 
mass balance of phosphorus, as represented by equation 2.54.  
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In addition to the Rout et al. [146] model, Ankit [186] has also developed a dephosphorisation 
model using a similar approach. However, it is limited to dephosphorisation in the emulsion 
only. Although both models are preliminary, and development is ongoing, the approach is 
useful for understanding the fundamental kinetics of the dephosphorisation reaction in basic 
oxygen steelmaking. 
 
2.3.1. Metal Droplet Generation by Gas Injection 
In basic oxygen steelmaking, metal droplets are generated by the impingement of the oxygen 
jet used to refine the hot metal by preferentially oxidising impurities [175]. The droplet 
generation rate is determined by the momentum of the gas jet and the physical properties of the 
liquid metal (e.g. viscosity, surface tension, and density). The generation of droplets has a 
significant effect on the rate of reactions in the BOS process by increasing the slag-metal 
interfacial area [175]. A brief overview of the droplet generation mechanisms detailed 
elsewhere [170, 172-175, 185, 226-230] is given in this section.  
 
The impingement of the oxygen jet on the liquid bath spreads out the slag phase and forms a 
cavity in the metal while the gas disperses radially from the point of impact as shown in Figure 
2.8 a). This behaviour induces recirculating fluid flow in the bath as shown in Figure 2.8 b).  
High metal flow rates increase the formation of surface waves and, subsequently, the formation 
of metal droplets as these waves break up [191, 228, 231]. 
 
a)   b)  
Figure 2.8: Flow behaviour induced by oxygen jet a) gas [232] b) liquid metal [233] 
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Standish and He [228] investigated the effect of gas flow rate on metal droplet generation and 
their results are shown in Figure 2.9. They found droplet generation at low flow rates (region 
A-B) occurred by the ‘dropping’ mechanism shown in Figure 2.10 a). At higher flow rates 
(region B-D) metal droplets formed via the ‘swarming’ mechanism shown in Figure 2.10 b). It 
can be seen from Figure 2.9 swarming produces a larger mass of metal droplets. 
 
Figure 2.9: The effect of jet gas flow rate on the drop generation rate [228] 
 
 
Figure 2.10: Droplet generation via a) dropping and b) swarming [228] 
 
2.3.2. Droplet Size Distribution 
The slag-metal interfacial area and subsequently dephosphorisation rate are also significantly 
affected by the size distribution of the metal droplets. The findings of several studies [169, 234-
245] investigating the size distribution of metal droplets in the BOS slag-metal-gas emulsion 
are summarised below: 
▪ in general, most plant and laboratory studies report droplet diameters in the range 0.05 
to 5 mm [175, 185, 239, 244], 
▪ the mean droplet size has been found to increase with injection gas flow rates, lower 
lance heights, and the introduction of bottom blowing [228, 246], and 
▪ the droplet size follows a normal distribution [228, 246]. 
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2.3.3. Droplet Bloating Phenomena 
Droplet ‘bloating’ (see Figure 2.11), also referred to as ‘swelling’ or ‘boiling’, occurs when 
internal gas generation produces sufficient pressure to exceed the surface energy of the metal 
droplet [247]. Droplet bloating is expected improve dephosphorisation rates by increasing 
▪ the slag-metal contact area [248],  
▪ diffusivity due to internal turbulence in the droplets [248], and 
▪ the droplet residence time in the slag (see section 2.3.4). 
 
 
Figure 2.11: Schematic of Fe-C droplet ‘bloating’ in 20 mass% FeO slag [249]. 
 
Bloating may be promoted by surface active elements like sulphur decreasing the surface 
energy thereby decreasing the critical super-saturation pressure of the nucleation required 
[177, 180, 247, 248, 250, 251] as observed by Chen and Coley [177, 180]. However, the lower 
surface tension may be offset by the surface poisoning effect of sulphur which inhibits 
decarburisation [194, 247]. These competing effects explain the parabolic relation between 
sulphur and bloating observed by Chen and Coley [177, 180]. 
 
CO Induced Bloating 
Internal nucleation of CO may occur during decarburisation of Fe-C alloys by diffusion of 
oxygen into the metal droplets once oxygen supply exceeds consumption at the droplet surface 
[177, 180, 247, 248, 250, 251]. Bloating has been found to be inhibited in low FeO slag due to 
the lower decarburisation rate allowing the CO to diffuse out of the droplet and detach [249]. 
The decarburisation rate in bloated metal droplets has been found to be one to two orders of 
magnitude higher than dense droplets [249]. The high decarburisation rates cause the droplet 
volume to increase over ten times [249] or in some cases the droplets to explode [252-254]. 
FeO mass transfer in the slag has been proposed as the rate-limiting step for the decarburisation 
in bloated droplets [249]. 
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N2 Induced Bloating 
Internal nucleation of N2 may occur on heating in the BOS due to the decomposition of titanium 
carbonitrides in Fe-C-Ti alloys[255]. Decomposition occurs due to rapid increases in the 
solubilities of carbon and titanium coupled with a decrease in nitrogen solubility in iron at BOS 
temperatures, as shown in Figure 2.12. The resulting N2 evolution has been found to increase 
the metal droplet volume by three times [255].  
 
Figure 2.12: Solubility of C, Ti, and N in carbon saturated liquid iron [255]. 
 
2.3.4. Residence Time of Metal Droplets 
The length of time a metal droplet is retained in the slag-metal emulsion is known as its 
residence time. The rate of dephosphorisation is enhanced by a longer residence time due to 
the increased slag-metal interfacial area resulting from more droplets remaining in the slag-
metal emulsion. Projectile motion can be applied to determine the residence time of metal 
droplets passing through a slag [183], as shown in Figure 2.13. Consequently, the residence 
time of dense metal droplets is a function of the ejection velocity and angle, as seen in Figure 
2.14 [182]. 
 
Figure 2.13: Schematic of the projectile motion of a metal droplet in slag [182]. FB, FG, FD 
and F denote the forces applied by buoyancy, gravitation, drag, and mass changes. The 
subscripts z and r denote the vertical and horizontal directions. 
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Figure 2.14: The influence of droplet diameter and ejection velocity on the residence time of 
a metal droplet in slag without decarburisation at an ejection angle of 30° [182]. 
 
Brooks et al. [182] modified this model to incorporate the droplet bloating phenomena, 
whereby bloating decreases the droplet density and therefore increases the residence time. The 
modified model was used to simulate the residence time of droplets of various initial diameters 
with the vertical position in the slag, as shown in Figure 2.15 [182]. They found larger droplets 
remained at the slag surface for longer periods due to the larger volume of CO generated (i.e. 
bloating) in these droplets. 
 
Figure 2.15: Variations in the vertical position of metal droplets in the slag in the BOS [182]. 
 
The volume of gas bubbled in the slag-metal-gas emulsion has been found to decrease the 
residence time of metal droplets [256]. This observation occurs due to the higher gas volumes 
in the slag decreasing the slag density resulting in the opposite effect to droplet bloating. This 
is accounted for in the Subagyo and Brooks [257] residence time model using the droplet 
terminal velocity relationship with the slag Reynolds number proposed by Deo et al. [256]. 
This model predicts the residence time of droplets between 0.25 to 200s, which is in good 
agreement with the industrial measurements reported by Price [239], Kozakevitch [258] and 
Schoop et al. [167]. 
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2.3.5. Slag-Metal Interfacial Phenomena 
The slag-metal interfacial tension is the driving force for surface area minimisation. 
Consequently, variations in the slag-metal interfacial tension with time have a significant 
impact on the rate of dephosphorisation. The slag-metal interfacial tension is dependent on the 
rate of mass transfer through the interface and therefore changes with time as the reaction 
progresses [143, 147, 181, 184, 187, 189-192, 200, 203, 204, 259, 260]. The changes in 
interfacial tension and surface area are shown in Figure 2.16 to Figure 2.18, and can be 
described in three stages:  
▪ Decreasing interfacial tension – occurs due to high rates of mass transfer resulting in 
larger slag-metal surface area via droplet flattening and/or spontaneous emulisfication 
of droplets into a series of smaller droplets.  
▪ Minimum interfacial tension – occurs as the reaction rate reaches its maximum. 
▪ Increasing interfacial tension – occurs as the reaction rate slows resulting in droplets 
forming a roughly spherical shape and coalescence of smaller droplets.  
 
Figure 2.16: Interfacial tension vs. time for Fe-Al alloy in CaO-Al2O3-Fe2O3 [203]. 
 
 
Figure 2.17: Evolution of metal droplet geometry immersed in slag as a function of time at 
1600°C, using 3D x-ray computerised tomography [187, 189]. 
31 
 
 
Figure 2.18: Surface area of a metal droplet as a function of time [187, 189] 
 
2.4. Thermophysical Properties Influencing Dephosphorisation 
The primary factors influencing the kinetics of dephosphorisation have been discussed 
previously. However, the effect of slag viscosity and density need to be considered. Hence, 
relevant literature pertaining to slag properties are discussed below. 
 
2.4.1. The Viscosity of BOS Slags 
In addition to high chemical potential (i.e. high basicity and oxygen potential), basic oxygen 
steelmaking slags must also have suitable fluidity/viscosity at the working temperature for the 
removal of phosphorus. Low slag viscosity increases the rate of mass transfer in the slag, 
subsequently increasing the rate of dephosphorisation while the slag is the controlling phase. 
However, slag viscosity also influences the ejection velocity of metal droplets and subsequently 
the residence time as discussed in section 2.3.4. Hence, the factors affecting the slag viscosity 
must be known to determine the metal droplet residence time and overall slag-metal interfacial 
area for dephosphorisation.  
 
Molten slags have a wide range of viscosities, varying by over three orders of magnitude 
depending on composition, temperature and heating regime [261]. Mills et al. [262] conducted 
a ‘Round robin’ project on the estimation of slag viscosities and found the experimental 
uncertainties were in the order of ± 20%. Mills et al. [262] reviewed various slag viscosity 
models using the ‘Round robin’ project data and recommended the modified Iida model [73, 
263-267], Zhang and Jahanshahi model [268, 269], or KTH model [270] for use in fluoride 
free slags. The modified Iida model [73, 263-267] is defined in equations 2.58 to 2.64 [264] 
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𝜂 = 𝐴𝜂0𝑒𝑥𝑝 (
𝐸
𝐵𝑖
𝑗)   2.58 
A=1.029-2.078x10-3T +1.050x10-6T2 2.59 
E=28.46-2.0884x10-2T+4.000x10-6T2 2.60 
𝜂0 = ∑𝜂𝑖𝑁𝑖    2.61 
𝜂𝑖=1.8x10
-7
(𝑀𝑖(𝑇𝑚)𝑖)
1/2exp (
𝐻𝑖
𝑅𝑇
)
(𝑉𝑚)𝑖
2/3
exp (
𝐻𝑖
𝑅(𝑇𝑚)𝑖
)
 2.62 
𝐻𝑖=5.1(𝑇𝑚)𝑖
1/2
 2.63 
𝐵𝑖=
∑(𝛼𝑖𝑊𝑖)𝐵+𝛼𝐹𝑒2𝑂3
∗ 𝑊𝐹𝑒2𝑂3
∑(𝛼𝑖𝑊𝑖)𝐴+𝛼𝐴𝑙2𝑂3
∗ 𝑊𝐴𝑙2𝑂3+𝛼𝑇𝑖𝑂2
∗ 𝑊𝑇𝑖𝑂2 
 2.64 
 
where η = viscosity (Poise), 𝜂0 = viscosity of non-network forming melts, 𝐵𝑖 the modified 
basicity index, T = absolute temperature (K), Tm = melting point, N = mole fraction, M = 
molecular weight, Vm = molar volume at the melting point, R is the universal gas constant, 𝛼𝑖 
= the specific coefficient, 𝛼𝑖
∗= modified specific coefficient, and Wi = mass%. Subscripts i, 
Fe2O3, Al2O3, TiO2 denote the components. Subscripts A and B denote acidic and basic oxides. 
Superscript j denotes the number of 𝛼𝑖
∗ used for viscosity predictions. 
 
The effects of temperature and slag composition on the viscosity of fully liquid slags in the 
CaO-SiO2-FetO-(MgO)-(MnO)-(P2O5)-(TiOx)-(Al2O3)system as reported in the literature are 
summarised in Table 2.4. In general, the experimentally determined viscosity data in the 
literature is in good agreement with the trends predicted by the Iida model. The notable 
exception is the effect of TiO2 which is predicted to increase the viscosity (see equations 2.79 
and 2.73). The investigation by Zheng et al. [271] found increasing TiO2 increased the degree 
of polymerisation but was also found to weaken the silicate network, thereby reducing the 
viscosity of the slag. These findings are in good agreement with the studies of Park et al. [272] 
and Sohn et al. [273]. However, these studies also observed the effect of TiO2 on the viscosity 
to become less pronounced at higher temperatures comparable to BOS conditions (1600°C or 
higher). 
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Table 2.4: The effect of temperature and slag composition on the viscosity of slags in the CaO-
SiO2-FetO-(MgO)-(MnO)-(P2O5)-(TiOx)-(Al2O3) system. 
Increasing variable Effect on viscosity References 
Temperature ↓ [261, 274] 
Basicity ↓ [261, 274] 
CaO ↓ [261, 274] 
SiO2 ↑ [261, 274] 
FeO ↓ [261, 274] 
Fe2O3 ↓ [261, 274] 
MgO ↓ [261, 274, 275] 
MnO ↓ [261] 
Al2O3 ↑ [261] 
P2O5 ↑ [276] 
TiO2 ↓ [271-273, 277-284]. 
Ti2O3 ↓ [285] 
The slag viscosity may be expected to be primarily determined by temperature and the main 
slag components (CaO, SiO2, FetO, MgO, MnO), however the collective effect of the minor 
constituents (Al2O3, P2O5 and TiOx) may still be significant as these oxides account for up to 8-
9 mass% of the total slag mass.  
 
2.4.2. The Density of BOS Slags 
Slag density can be calculated via the model detailed by Keene and Mills [286] in equations 
2.65, 2.66, and Table 2.5. From equations 2.65 and 2.66, it may be seen that the density is 
temperature dependent, and significantly affected by heavier molecular weight oxides such as 
iron oxides and TiO2.  
ρ = 
∑𝑀𝑖𝑁𝑖+...
∑ ?̅?𝑖,𝑇,𝑁𝑖+...
 2.65 
?̅?𝑖,𝑇 =?̅?𝑖,1500°𝐶 + 0.0001(T-1500) ?̅?𝑖,1500°𝐶   2.66 
 
Table 2.5: Partial molar volume of various slag constituents at 1500°C [286]. 
Slag Constituent Partial molar volume (?̅?𝒊,𝟏𝟓𝟎𝟎°𝑪 ) 
Al2O3 28.31 + 32𝑁𝐴𝑙2𝑂3-31.45𝑁𝐴𝑙2𝑂3
2  
CaO 20.7 
FeO 15.8 
Fe2O3 38.4 
MgO 16.1 
P2O5 65.7 
SiO2 19.55 + 7.966𝑁𝑆𝑖𝑂2 
TiO2 24.0 
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2.5. Summary 
The literature pertaining to the thermodynamics and kinetics of dephosphorisation has been 
reviewed and discussed in detail. The thermodynamics of phosphorus removal is promoted by 
high [P] activity, high oxygen potential, high basicity (O2-), and lower temperature. An 
extensive review of phosphorus equilibria studies (partitions and phosphate capacity) found 
only three studies [3, 4, 9-11, 287, 288] reporting data for titanium oxide containing 
steelmaking slags.  
 
The studies of Selin [3, 4, 9, 287, 288] and Usui et al. [10] are of use in understanding the effect 
of TiO2 on dephosphorisation. However, the Usui et al. [10] data are limited to low, ≤1.3 
mass%, TiO2 concentrations. Selin [3, 4, 9, 287, 288] was focused on electric arc furnace (EAF) 
steelmaking slags with v-ratios of 1.25 to 2.5 and at temperatures ~1600°C. Typically,  BOS 
slags have higher v-ratios (2 to 5) than EAF slags and tempertures as high as 1700°C [3, 4, 9, 
287, 288], therefore the Selin data have limited applicability to the BOS. The data reported by 
Kor [11] are of limited use since only the combined total of TiO2 and Al2O3 is reported.  
 
In this equlibrium slag-steel study, the effect of TiO2 on the dephosphorisation ability of 
synthetic slags in the CaO-SiO2-MgO-FetO-TiO2 system at temperatures and compositions 
representative of BOS steelmaking are evaluated.  This study expands on the limited CPO43− and 
LP data available in the literature. 
 
Recent developments in droplet theory have allowed for an improved understanding of 
dephosphorisation of Fe-C-P-S metal droplets in CaO-SiO2-Al2O3-FetO and CaO-SiO2-MgO-
FetO slags. This study expands this limited data to CaO-SiO2-MgO-FetO-TiOx slags and 
evaluates the dephosphorisation rate using droplet theory. A review of the literature has found 
the mechanism of mass transfer of oxygen in the slag via Fe2+-Fe3+ may also be equally 
applicable to Ti3+-Ti4+ pairs. This may partly explain the mechanism by which titanium 
influences the kinetics of dephosphorisation. The thermophysical properties reviewed in 
section 2.4 were used to evaluate the effect of titanium oxides on the kinetics of phosphorus 
removal in metal droplets.   
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In this study, the LP and phosphate capacity for TiO2 bearing slags relevant to the BOS process 
will be investigated to expand on the limited amount of available thermodynamic data in the 
literature. In the second part of this study, droplet experiments similar to those reviewed in 
section 2.3 will be used to investigate the effect of TiO2 on the kinetics of dephosphorisation 
in metal droplets. The viscosity and density data reviewed will be used in the analysis of this 
data to determine if the effect of changes in viscosity may be separated from the effect of the 
mass transfer of oxygen in the slag via Ti3+-Ti4+ pairs. Finally, the collated list of phosphorus 
partition studies (appendix 2) will be used to analyse an industrial database to determine the 
effect of minor slag constituents on dephosphorisation.  
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3. Experimental Method 
 
The effect of titanium on phosphorus removal during basic oxygen steelmaking has been 
investigated using industrial data and the LP and metal droplet experimental techniques. The 
industrial data were analysed to inform the experimental program and the development of 
process models. The LP experiments were conducted to determine the thermodynamic 
boundary conditions of the system. The effect of temperature, slag basicity (i.e. v-ratio), pO2 
(i.e. FetO), [Ti] concentration, and (TiO2) concentration were examined. The droplet 
experiments were designed to examine the effect of varying (TiO2) concentration on the 
Phosphorus removal rate, CO evolution rate, and surface area change in Fe-C-P metal droplets. 
This section details the LP and droplet experimental techniques then the analysis of industrial 
data. 
 
3.1. LP Experiments 
An experimental study investigating the LP of basic oxygen steelmaking slags was conducted 
at temperatures and compositions representative of industrial practice. The selection of 
experimental conditions was informed by analysis of industrial data (section 3.6). The slag 
compositions selected were at or near MgO saturation, thereby inhibiting MgO dissolution.  
The slag and metal were allowed to come to equilibrium. The measured (P) and [P] were used 
to evaluate the LP, calculated using equation 2.40.  
 
The slag-metal LP experiments were set up at room temperature using 4g of basic slag, 
separated from 30g of 0.2 wt% [P] alloy by a high purity (99.5%) Fe foil cup (~0.16g) in a high 
purity dense MgO crucible (19.3mm ID, 31.75mm high). The Fe foil cup was used to minimise 
reactions between the alloy and slag until both the slag and metal were fully liquid. The LP 
experiments were heated in a vertical tube furnace (Figure 3.1) under a controlled atmosphere 
for 12 hours. The experimental temperature ranged from 1550°C to 1700°C and was controlled 
within ±5K over a hot zone length of 50 mm in an alumina tube. 
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3.1.1. Experimental Set-up 
A high temperature vertical tube furnace (ID = 70mm) was set-up as shown in Figure 3.1. The 
experimental setup allows multiple LP experiments to be conducted simultaneously by loading 
a series of small MgO crucibles in an alumina tray (62mm ID, 20mm high).  
 
 
Figure 3.1: Furnace set-up for LP experiments. 
 
High-density MgO crucibles were used due to the corrosive nature of BOS type slags. The 
MgO crucibles (25.4mm OD, 19.3 ID, 31.75mm high) containing 30 grams of alloy and 4 
grams slag separated by a Fe foil cup were set-up as shown in Figure 3.2. 
 
 
Figure 3.2: Schematic of alumina tray with 3 x LP experiments and MgO crucibles. 
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3.1.2. Experimental Matrix 
The experimental matrix in Table 3.1 was developed to determine the effect of temperature, 
slag basicity (i.e. v-ratio), pO2 (i.e. FetO), [Ti] concentration, and (TiO2) concentration on the 
LP. The experimental outputs, fixed conditions, alloy, and metal compositions used in the LP 
experiments are given in Table 3.2 to Table 3.4. The series are denoted as R= reference and 
repeatability, T = temperature, B=basicity, (TiO2), [Ti] and G= gas phase pO2 control. The R 
series slag composition (Table 3.4) was used in the T, [Ti] and 0 mass% (TiO2) G series 
experiments. 
 
Table 3.1: Matrix of LP Experiments. 
Series Temp. Basicity (FetO) [Ti] (TiO2) Atmosphere 
°C v-ratio mass% Gas mix pO2 (atm) 
R 1650 2.8 23.1 0 0 Ar - 
T 1550-17001) 2.8 23.1 0 0 Ar - 
B 1650 2-5 10-242) 0 0 Ar - 
TiO2 1650 ~3 10-24
2) 0 0-202) Ar - 
[Ti] 1650 ~3 ~23 0-0.32) ~0 Ar - 
G 1650 ~3 23.1 0 0-10 Ar-CO-CO2 1.6 x 10
-9 
5.6 x 10-9 
1) Temperatures tested: 1550°C, 1600°C, 1650°C, 1700°C. 
2) Initial alloy and slag compositions are given in Table 3.3 and Table 3.4, respectively. 
 
Table 3.2: Outputs and fixed conditions for LP Experiments.  
Series Experimental Outputs Fixed Conditions 
R Repeatability of LP experiments Metal mass 30.000 ± 0.005 g 
Initial [P] = 0.180± 0.005 mass% 
Initial  (P2O5) = 0.0 ± 0.5 mass% 
Slag mass 4.000 ± 0.005 g 
CaO-SiO2-MgO-FeO-(TiO2) slag 
High Purity Argon Atmosphere 
T and R Effect of temperature on LP 
B and R Effect of v-ratio and (FetO) on LP 
TiO2  Effect of (TiO2) on LP 
[Ti] Effect of (TiO2) from [Ti] on LP 
G Effect of pO2 from gas CO/CO2 on LP 
 
Table 3.3: Composition of experimental LP alloys in mass% measured using Leco carbon-
sulphur analysis (C, S), ICP-OES (P, Ti) and ARC-OES (Mn, Si, Al, V). 
 Description C P Mn Si Al Ti V S 
[Ti] =0.0 mass% 0.033 0.181 0.217 0.010 0.038 0.009 0.000 0.010 
[Ti] =0.05 mass% 0.026 0.170 0.219 0.009 0.031 0.045 0.000 0.010 
[Ti] =0.14 mass% 0.033 0.176 0.220 0.010 0.036 0.139 0.000 0.010 
[Ti] = 0.30 mass% 0.029 0.171 0.221 0.010 0.048 0.301 0.000 0.010 
Only trace levels (<0.003 mass%) of V were detected in the experimental alloys. 
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Table 3.4: Synthetic slag compositions determined by XRF  
Series 
mass% 
v-ratio 
MgO Al2O3 SiO2 P2O5 CaO TiO2 MnO FetO* 
B2   9.1 0.0 23.1 0.0 45.8 0.0 0.0 22.1 2.0 
B2   9.6 0.0 22.4 0.0 46.5 0.0 0.0 21.6 2.1 
B2   9.7 0.0 21.4 0.0 44.5 0.0 0.0 24.4 2.1 
B2   9.7 0.0 21.5 0.0 45.5 0.0 0.0 23.3 2.1 
R   9.9 0.0 17.6 0.0 49.4 0.0 0.0 23.1 2.8 
B4   9.4 0.0 16.7 0.0 63.0 0.0 0.0 10.9 3.8 
B4   9.1 0.0 15.7 0.0 60.3 0.0 0.0 14.9 3.8 
B4   6.8 0.0 17.4 0.0 66.8 0.0 0.0 8.9 3.8 
B4   8.5 0.0 14.7 0.0 56.6 0.0 0.0 20.2 3.9 
B4   9.8 0.0 13.6 0.0 52.8 0.0 0.0 23.8 3.9 
B4   9.7 0.0 14.6 0.0 57.2 0.0 0.0 18.6 3.9 
B4   9.7 0.0 13.3 0.0 53.4 0.0 0.0 23.6 4.0 
B4   9.5 0.0 13.6 0.0 55.7 0.0 0.0 21.2 4.1 
B4   7.7 0.0 15.0 0.0 63.9 0.0 0.0 13.4 4.3 
B5   9.6 0.0 12.2 0.0 58.3 0.0 0.0 19.9 4.8 
B5   9.6 0.0 12.8 0.0 61.3 0.0 0.0 16.3 4.8 
B5   7.4 0.0 12.8 0.0 62.0 0.0 0.0 17.8 4.9 
B5   9.7 0.0 12.5 0.0 60.9 0.0 0.0 17.0 4.9 
B5   9.0 0.0 13.0 0.0 63.9 0.0 0.0 14.1 4.9 
B5   10.0 0.0 11.1 0.0 54.5 0.0 0.0 24.4 4.9 
B5   9.2 0.0 10.8 0.0 60.4 0.0 0.0 19.5 5.6 
TiO2   9.1 0.0 17.5 0.0 49.0 1.2 0.0 23.2 2.8 
TiO2   9.2 0.0 15.8 0.0 46.8 5.4 0.0 22.8 3.0 
TiO2   8.9 0.0 15.4 0.0 45.3 8.8 0.0 21.6 2.9 
TiO2   9.8 0.0 14.6 0.0 43.9 8.9 0.0 22.8 3.0 
TiO2   10.1 0.0 16.0 0.0 37.4 9.2 0.0 27.4 2.3 
TiO2   8.8 0.0 15.7 0.0 44.1 9.9 0.0 21.5 2.8 
TiO2   9.8 0.0 17.9 0.0 38.9 10.9 0.0 22.4 2.2 
TiO2   9.9 0.0 16.8 0.0 42.3 11.0 0.0 20.1 2.5 
TiO2   10.3 0.0 16.1 0.0 45.2 11.1 0.0 17.3 2.8 
TiO2   10.3 0.0 15.2 0.0 49.4 11.1 0.0 14.1 3.2 
TiO2   8.6 0.0 15.0 0.0 43.2 13.0 0.0 20.2 2.9 
TiO2   7.1 0.0 14.0 0.0 39.8 20.6 0.0 18.4 2.8 
*All iron oxides reported as FeO. Only trace levels (<0.1 mass%) of Al2O3, P2O5, TiO2 and 
MnO were detected in the unreacted slags.  
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3.1.3. Gas Control System 
The gas control system in Figure 3.3 was used to supply high purity Argon (99.999%) to the 
furnace at 1 l/min. The high purity argon gas was scrubbed prior to entering the furnace by 
passing it through ascarite (NaOH), drierite (CaSO4) and then copper turnings at 300°C. A 
small number of experiments were conducted under an Ar-CO-CO2 atmosphere with a set 
CO/CO2 ratio. The gases used were a calibration grade gas mix of 25%CO2-Argon and CO gas 
(99.2%CO, 0.35% N2, 0.07%Ar, 0.35% other hydrocarbons, O2<5ppm). The Ar-CO-CO2 gas 
was dried by passing through a bed of drierite prior to entering the furnace. 
 
Figure 3.3: Gas control system used in the LP experiments. 
 
3.1.4. Experimental Heating Schedule  
The schematic of the heating schedule used in these experiments is shown in Figure 3.4. The 
heating and cooling rates were selected to prevent thermal shock of the alumina furnace tube 
and to protect the elements. On cooling the furnace temperature was rapidly dropped to 1300°C 
at 20°C/min to solidify the sample, after which the samples were cooled slowly in the furnace 
at 5°C/min. 
 
Figure 3.4: Experimental temperature schedule. 
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3.1.5. Equilibrium Time 
The equilibrium time for the experimental program was determined from the metal side using 
a basic slag with an aim v ratio of 2 (section 3.4.2) under Ar gas. Since the reported equilibrium 
times in the literature varied between 8 and 12 hours [1-4, 16, 34-37, 48, 52-54, 86, 87, 90, 
106, 187, 189, 289-297], a series of experiments were conducted over these reaction times to 
determine the equilibrium time as shown in Figure 3.5.  It was found that the measured (P2O5), 
[P] and LP were constant (within measurement error) after 10 hours reaction time. 
Subsequently, all experiments were run for a minimum of 10 hours to guarantee equilibrium 
was achieved.  
a)  
b)   
Figure 3.5: Reaction time vs. a) (P2O5) measured via XRF and [P] measured via ICP-OES 
and b) LP from measured (P2O5) and [P]. 
 
To ensure equilibrium was achieved in the experiments conducted under CO/CO2 atmospheres, 
the slag compositions for the experiment were designed to be close to the aim pO2 before 
reaction by changing the FetO content. The CO/CO2 experiments were heated under high purity 
Ar and held at the experimental temperature for 5 minutes. The gas source was changed over 
to the CO/CO2 ratio controlled Ar-CO-CO2 gas mix and held for 10 hours. The experiments 
were cooled under high purity Ar as per the heating schedule (section 3.1.4).  
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3.2. Droplet Experiments 
An experimental study investigating the effect of (TiO2) content on the rate of phosphorus 
removal and bloating of Fe-P-S-C droplets in basic slags was conducted at McMaster 
University using the experimental apparatus described in detail by Gu et al.[149]. The selection 
of experimental conditions was informed by analysis of the industrial data (section 3.6), the LP 
experiments (section 3.1), and the requirement for a fully liquid slag but remain as close to 
MgO saturation as possible to limit MgO dissolution.  
 
The droplet experiments were conducted by dropping a liquid metal droplet into a basic slag 
and monitoring the change in droplet size and slag height with X-ray imaging as the reaction 
progressed. The cross-sectional area of the droplets was measured via the X-ray images. The 
droplet [P] was determined at various times throughout the reaction by quenching the slag and 
metal and analysing for [P]. The decarburisation rate was monitored throughout the reaction 
using a pressure transducer.  
 
The short reaction time in this experimental approach limits the amount of data that can be 
collected to describe the reaction kinetics. However, given industrial dephosphorisation 
primarily occurs in slag-metal-gas emulsion this approach is necessary to understand the 
interplay between decarburisation and dephosphorisation. 
 
3.2.1. Experimental Set-up 
The droplet experiments were conducted in a high temperature vertical tube furnace (ID = 
80mm) set-up as shown in Figure 3.6. The droplet experiments were set up at room temperature 
with a 1g alloy pellet held at the top of the sample tube with a magnet and 25g of basic slag 
(section 3.4.4) in a MgO crucible (44.5mm OD x 31.8mm high) positioned in the hot zone. The 
furnace was sealed, evacuated to ≤0.0003 atm, and backfilled with scrubbed high purity Argon 
flowing at 0.2 l/min.  The furnace was heated to 1650°C and held for >20 minutes before 
starting the experiments. The experiments were started by removing the magnet allowing the 
alloy pellet to fall to the bottom of the alumina sample tube. The sample tube was position such 
that the small hole at the bottom was located at the top of the hot zone. The pellet remained in 
the sample tube for 26±1 seconds while it melted. The experimental time zero was defined by 
the liquid droplet formed entering the molten slag.  
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Figure 3.6: Furnace set-up for droplet experiments. 
 
The droplet experiments were quenched at various times (1-30s) by releasing the collar and O-
ring holding the pedestal in position. Subsequently, the MgO crucible and contents dropped 
into the water-cooled quench chamber at the bottom of the furnace within 1 second. The droplet 
was observed in-situ at 30 frames/s using a GE Medical Systems OEC 9800 X-ray imaging 
system with a 33.3ms exposure time. The machine has a 125 kV X-ray tube with a tungsten-
rhenium-molybdenum target.  
 
A pressure transducer was used for measuring the volume and rate of gas generation via the 
constant volume pressure increase technique (CVPI). The CVPI technique uses the ideal gas 
law (equation 3.1) to determine the moles of CO formed since the temperature and volume of 
the furnace are known.  
PV = nRT 3.1 
 
where P= pressure (Pa), V= volume (m3), n= moles of gas, R= universal gas constant, 8.314 
JK-1mol-1, and T = Temperature (K). 
 
Gu et al.[149] verified this approach by comparing the transducer data with the LECO carbon 
analysis of post reaction droplet samples and found a difference of less than 10% of the 
measured value. 
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3.2.2. Experimental Matrix 
The experimental matrix in Table 3.5 was developed to determine the effect of (TiO2) 
concentration on the dephosphorisation rate, decarburisation rate and bloating behaviour of the 
metal droplets. The experimental alloy and slag compositions used in the droplet experiments 
are given in Table 3.6 to Table 3.7. 
 
Table 3.5: Droplet Experiments Matrix.  
(TiO2) mass% Experimental Outputs Fixed Conditions 
0 
[P] with time1) 
CO with time2) 
Droplet volume/area with time2) 
Slag volume with time2) 
Metal Droplet mass ~ 1g 
Initial [P] = 0.0722 mass% 
Initial [C] = 2.51 mass% 
Initial [S] = 0.0074 mass% 
Slag mass ~ 25 ± 0.5 g 
CaO-SiO2-MgO-FeO-(TiO2) slag 
v ratio ~ 2.6 
Temperature = 1650°C 
High Purity Argon Atmosphere 
5 
10 
1) Measured every ~1 second between 0-10, lower frequency up to 20 seconds. 
2) Experiments repeated three times to confirm CO and X-ray image measurements. 
 
Table 3.6: Composition of experimental droplet alloys (section 3.4.3). 
Description 
C S P O 
mass% ppm 
Mean  2.513 0.0074 0.072 50 
Standard deviation  0.077 0.0008 0.005 20 
 
Table 3.7: Slag compositions for droplet experiments determined by ICP-OES. 
 Description MgO SiO2 CaO TiO2 FeO v ratio 
Base slag 0% TiO2 6.0 19.6 50.5 0.0 24.0 2.6 
5% TiO2 5.7 18.6 48.0 5.0 22.8 2.6 
10% TiO2 5.4 17.6 45.5 10.0 21.6 2.6 
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3.2.3. Gas Control System 
A schematic of the gas system used in the droplet experiments is given in Figure 3.7. The 
furnace atmosphere was high purity Argon (99.999%) flowing at 0.2 l/min. The high purity 
argon gas was scrubbed prior to entering the furnace by passing it through drierite (CaSO4) and 
then copper turnings at 600°C.  
 
Figure 3.7: Atmosphere control system used in the droplet experiments. 
 
3.2.4. X-Ray Image Analysis 
The X-Ray videos of droplets and slag were analysed using ImageJ software to determine the 
cross-sectional area of the droplets and slag and subsequently volumes with time assuming 
rotational symmetry on their vertical axes.  All frames from the videos were extracted (30 
frames/sec) and each frame was edited as detailed in Table 3.8.  
 
Table 3.8: X-ray image editing for droplet and slag measurements.  
Description Change 
Crop (pixels) Left = 245, Right = 245, Top = 35, Bottom = 110 
Rotation 2° 
Contrast +25% 
Midtone +25% 
 
The cross-sectional area of droplets and slag were measured and recorded in ImageJ using the 
oval or freehand selection tool to outline the droplet and slag area as shown in Figure 3.8. The 
straight line selection tool was used to measure the alumina pedestal support rod as a scaling 
element in each image. The extruded alumina rod is 12.7mm at room temperature and was 
found to expand to 12.86mm at 1650°C using the linear thermal expansion coefficient (α) of 
7.6 x10-6 °C-1[298, 299] and equation 3.2 
Δ𝐿 = 𝛼Δ𝑇𝐿0 3.2 
 
where Δ𝐿 = change in length, 𝛼 = 7.6 x10-6 °C-1, and Δ𝑇 = 1630°C. 
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Figure 3.8: a) typical X-Ray Image b) X-Ray Image with ImageJ measurements. 
 
3.3. Furnace Temperature Profile and Calibration 
The high temperature vertical tube furnace was calibrated using experimental configurations 
shown in Figure 3.9 and Table 3.9. The calibration was conducted in two stages: 
a) Measurement of the furnace temperature profile to determine the hot zone position.  
b) Sample temperature measurement using a representative thermal mass in the hot zone 
to calibrate the furnace temperature controller.  
 
 
Figure 3.9: Experimental configuration used to a) measure the furnace temperature profile b) 
calibrate sample temperature in the hot zone. 
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Table 3.9: Vertical tube furnace temperature profile conditions. 
Description 
Furnace Profile 
Measurements 
Sample  
Measurements 
Thermal Mass  0 g  200.01g 
Thermocouple Type R in an alumina sheath 
Position Reference Point 0mm = Fixed flange at the top of the furnace 
Pedestal Position 81 cm 47 cm (bottom of the hot zone) 
Atmosphere Argon gas (1.0 L/min) 
Controller Temperature 1600°C 1550°C, 1600°C, 1650°C, 1700°C 
Stabilisation time 10 minutes 1 hour 
Heat shields 3 stainless steel heat shields installed at furnace top 
 
3.3.1. Temperature Profile 
The furnace temperature profile in Figure 3.10 was measured using the setup in Figure 3.9a) 
by recording the temperature every 1.0 cm below the top flange. The thermocouple temperature 
was allowed to stabilise for 10 minutes before recording and lowering the thermocouple to the 
next position.  The hot zone used in this study is defined as the region over which there was a 
± 5°C variation in temperature. It can be seen from Figure 3.10 that the hot zone was 
approximately 10cm in length.  
 
 
Figure 3.10: High temperature furnace temperature profile. 
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3.3.2. Sample Temperature 
The sample calibration curve in Figure 3.11 was measured using the setup in Figure 3.9b). The 
crucible containing alumina powder with an embedded thermocouple was positioned at the 
bottom of the hot zone and heated to each of the controller set points defined in Table 3.9. The 
sample and embedded thermocouple were held for 1 hour at each temperature set point to allow 
the temperature to stabilise. The sample temperature calculated from a regression line of these 
calibrated data is quoted in all the experiments. The calibration of the furnace was repeated 
every six months or after any significant change to furnace configuration (e.g. new heat shields, 
furnace tube or element change). 
 
 
Figure 3.11: Sample temperature calibration for the high temperature furnace. 
 
3.4. Raw Materials Preparation 
3.4.1. LP Experimental Alloys 
The alloys used in LP experiments were prepared at University of Wollongong using a crushed 
ferrophosphorus (Fe-P) alloy, blocks of low carbon aluminium killed (LCAK) steel alloy and 
99.99% Ti rod, given in Table 3.10. The required masses of each material were melted at 
1750°C in an alumina crucible for 4 hours in an argon atmosphere. Once cooled the alloy was 
cut in half, turned 90° in the crucible and remelted for a further 4 hours. The compositions of 
the experimental alloys ([Ti] = 0, 0.05, 0.14, 0.3 mass%) are given in Table 3.3. Vertical cross 
sections of the alloys were analysed using ARC-OES to verify the uniformity of composition 
(Appendix 3). Inclusion analysis was conducted on the [Ti] bearing alloys to verify Ti was 
present in solution and had not formed TiO2 inclusions (Appendix 4). 
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Table 3.10: Composition of raw materials used to produce the LP alloys. 
 Description C P Mn Si Al Ti V S 
Fe-P 0.044 25.700 0.700 0.270 - 0.950 0.340 0.052 
LCAK 0.056 0.015 0.210 0.005 0.030 0.002 0.003 0.010 
Ti Rod - - - - - 99.99 - - 
 
3.4.2. LP Experimental Slags 
Sintered synthetic slag pellets used in LP experiments were prepared at the University of 
Wollongong. Slag compositions relevant to BlueScope BOS process in the CaO-SiO2-MgO-
FetO-(TiO2) system were prepared using high purity oxide powders (≥99.2%, Table 3.11). A 
pre-fused slag was prepared by mixing dried (or calcined) oxide powders in the required ratios, 
followed by melting the mixed powder in a Pt crucible for 20 minutes at 1600°C using a muffle 
furnace. The melt was rapidly cooled by pouring on to a thick steel plate. The slag was then 
remelted, quenched again and crushed to a fine powder using a ring grinder. The composition 
of the pre-fused slag is given in Table 3.12. 
 
Table 3.11: High purity oxide powders used for preparing the LP slags.  
Material CaCO3 MgO TiO2 SiO2 Fe2O3 
Purity ≥99.95% 99.2%* ≥99.9% ≥99.89% 99.998% 
Supplier Sigma Aldrich Alfa Aesar 
*The remainder is primarily CaO 
 
Table 3.12: Pre-fused slag composition.  
mass% 
v-ratio 
MgO Al2O3 SiO2 P2O5 CaO TiO2 MnO FetO 
13.1 0.0 43.9 0.0 43.1 0.0 0.0 0.0 1.0 
 
The slag pellets were prepared by mixing dried (or calcined) powders with the pre-fused slag 
in the required ratios and pressing into 4g pellets before sintering for 12 hours at 1000°C in a 
muffle furnace. The compositions of the unreacted slag pellets obtained using XRF analysis 
(section 3.5.1) are given in Table 3.4. 
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3.4.3. Droplet Experimental Alloys 
Fe-C-P-S alloys used in the droplet experiments were prepared at McMaster University using 
the methodology detailed by Gu et al.[149]. A master Fe-P-S alloy was prepared by melting 
the required amounts of electrolytic iron, Fe-P and Fe-S alloys in an arc melter under an argon 
atmosphere. Subsequently, the master alloy was heated to 900°C for 24 hours under a high 
purity argon atmosphere to homogenise the alloy. Homogenisation was verified after heat 
treatment by sampling the alloy at four different positions and analysing the composition using 
ICP-OES (section 3.5.4). 
 
The droplets were prepared by melting the required amounts of Fe-P-S master alloy and 
graphite in a vacuum arc melter. Six droplets were used to verify the [P], [S] and [C] content, 
given in Table 3.6. [P] was determined via ICP-OES (section 3.5.4), [C] and [S] were 
determined via LECO carbon-sulphur analysis (section 3.5.3). The [O] concentration for this 
alloy preparation method was established using the inert gas fusion technique in a previous 
study [259]. 
 
3.4.4. Droplet Experimental Slags 
The slags used in the droplet experiments were prepared at McMaster University using the 
methodology detailed by Gu et al.[149]. The required amounts of dried high purity oxide 
powders (Table 3.13) were mixed in a ball mill for 12 hours. The slag powder was melted in-
situ at the experimental temperature for ≥20 minutes prior to starting the droplet experiments 
to allow the slag composition to homogenise. The base slag composition (Table 3.7) was 
selected to be similar to industrial BOS slag compositions and the slags from the LP 
experiments. However, the compositions were limited to those which form ~ 100% liquid at 
1650°C. TiO2 bearing slags were produced by additions of TiO2 powder to the base slag 
mixture and mixing in a ball mill for 12 hours. The slag compositions in Table 3.7 were 
determined by ICP-OES analysis of the quenched samples.  
 
Table 3.13: Oxide powders used for the preparation of droplet slags.  
Material CaO MgO TiO2 FeO SiO2 
Purity 98.78%1) 99.29%2) ≥99.9% 99.9% 99.8% 
Supplier Sigma Aldrich US Silica 
The remainder is 1) absorbed CO2 and H2O or 
2) primarily CaO.  
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3.5. Composition Analysis Methods 
3.5.1. XRF 
The compositions of all LP slags were determined using the XRF fused bead technique. The 
fused beads were prepared using a nominal 0.4 g of slag powder (crushed in a ring grinder for 
10 sec) and 2.4 g of flux. The flux used contained lithium metaborate (LiBO2) and lithium 
tetraborate (Li2B4O7) at a mass ratio of 57:43. The flux and sample were mixed using a stirring 
rod in platinum crucibles before placing in a muffle furnace pre-heated to 600°C. The samples 
were heated to 970°C at 10°C/min and held for 10 minutes. An ammonium iodide (NH4I) pellet 
was added 2 minutes before the end of the hold time to improve the fluidity of the melt. 
Subsequently, the sample melt was poured onto a graphite disc and pressed flat with an 
aluminium die to form a glass disc/bead ~30mm in diameter and ~ 1mm thick. The bead was 
slow cooled on a hot plate from 250°C to minimise the risk of cracking. 
 
XRF of the fused bead was conducting using an AMETEK SPECTRO XEPOS energy 
dispersive polarisation XRF spectrometer. The machine has a 50 Watt Pd end-window tube for 
excitation and proprietary software for deconvolution of the measured X-ray spectra. The 
instrument was calibrated during the start-up sequence prior to the analysis run (~ every two 
weeks). The calibration was conducted using certified international and national standards. 
These standards cover a wide range of compositions for natural rock and synthetic materials. 
Internal and external quality control tests found the measurement error to be ≤5.1% of the 
reported value (e.g. 10 ±0.51 mass%), as detailed in Table 3.14. 
 
Table 3.14: XRF measurement errors reported from internal and external analysis.  
Source Details Measurement error 
Internal calibration 
records (Appendix 5). 
Calibration records using certified 
standards W2 and ANU15. 
≤5.1% 
Internal XRF quality 
control test [300]. 
Tested using SRM 1646A and EMAI 
P1T reference materials  
≤5.0% 
External analysis by 
Bureau Veritas Mineral 
Testing [301]. 
8 slag samples analysed using the 
ISO17025 standard  
≤4.3% 
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3.5.2. Slag Fe2+/Fe3+ Analysis (Titration) 
A selection of six crushed slag samples were also sent for Fe2+/ Fe3+ analysis at the CSIRO 
Clayton laboratories, Victoria, Australia. This analysis was conducted by sample digestion in 
mixed acid (HNO3-HCl-HF) under a nitrogen blanket and titration against the standardised 
potassium dichromate to an electrochemical determined equivalence point.  
 
3.5.3. LECO Carbon-Sulphur Analysis 
Carbon and sulphur analysis of experimental alloys was performed using a LECO CS444LS 
carbon and sulphur analyser at both the University of Wollongong (LP experiments) and 
McMaster University (droplet experiments). The analysis was conducted as per the ASTM 
E1019 standard [302] and the LECO CS444LS carbon and sulphur application note [303]. 
 
The instrument was calibrated every 8-10 measurements using 0.5g of calibration standard 
alloys. Standards were chosen such that they spanned the expected carbon and sulphur range 
of the samples determined from either previous samples or the nominal alloy composition. The 
certified standard alloys were sourced from Alpha resources and LECO.  
 
3.5.4. ICP-OES 
ICP-OES is a technique for determining the composition of a solution using spectral analysis 
of a plasma formed from heating the solution. ICP-OES is an established method for the 
measurement of phosphorus and titanium in steels [304]. [Ti] analysis requires the use of a 
mixed HNO3-HCl-HF acid to digest the samples completely. Accordingly, the [Ti] analysis 
was conducted by personnel trained in the use of HF at BlueScope Central Laboratories using 
a Perkin-Eimer PE4300DV ICP-OES. [P] analysis of all LP samples was conducted at the 
University of Wollongong using an Agilent 710 ICP-OES. All composition analysis of the 
droplet slag and metal samples was conducted at McMaster University using a Varian Vista-
Pro ICP-OES. 
 
Solutions of the metal and slag samples were prepared for ICP-OES analysis as detailed in 
Table 3.15. The required sample mass was digested for ~2 hours until the solution stopped 
bubbling, and the samples were no longer visible. The solution was allowed to cool to room 
temperature and transfered to a grade-A volumetric flask of the required volume and diluted 
with milli-Q water. The solution was then filtered with a 0.2-micron cellulose nitrate syringe 
filter to remove any suspended solids. 
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Table 3.15: ICP-OES sample preparation.  
Sample Mass Digestion Method 
Dilution  
Volume 
LP alloy 
[P] 
5±0.005g 
35ml of 70% vol/vol HNO3 and 2ml of milli-Q water 
heated to 80°C on a hot plate 
100ml 
LP alloy 
[Ti] 
0.5±0.0001g 
15ml, 15% vol/vol HNO3-HCl and 5ml of 4% 
vol/vol HF heated to ~200°C in a microwave 
digestion vessel 
100ml 
Droplet 
Alloy 
0.5±0.0001g 
4ml of 35% v/v HCl, 1ml 70% v/v HNO3, 
1ml of milli-Q water heated to ~200°C in a 
microwave digestion vessel 
50ml 
Droplet 
Slag 
0.5±0.0001g 
4ml of 35% v/v HCl, 1ml 70% v/v HNO3, 1ml 30% 
v/v HBF, 1ml of milli-Q water heated to ~200°C in a 
microwave digestion vessel 
50ml 
 
The ICP-OES was calibrated using five standards solutions prepared to cover the required P, 
Ti, Ca, Si, Mg, and Fe range with a Fe-HNO3-(HCl-HF-HBF) matrix of the same concentration 
as the sample solutions. The standards solutions were prepared using certified ICP standard 
solutions of P, Ti, Ca, Si, Mg, and Fe at 1000mg/L concentration purchased from Sigma 
Aldrich and electrolytic iron (99.98%). The electrolytic iron was digested using the same 
procedure as the samples and transferred to a 100ml volumetric flask. A pipette was used to 
transfer the required volume of the P standard solution to the flask before diluting to 100ml 
with milli-Q water. The solution was mixed by inverting the flask 20 times. The standard 
solution was filtered with a 0.2-micron cellulose nitrate syringe filter to remove any suspended 
solids prior to use. This calibration method was used on all three of the ICP-OES machines 
used. 
 
Internal validation of this method was conducted using a certified reference alloy supplied by 
LECO Australia (part no. ECRM 039-2). Varying masses of the reference alloy were digested 
and diluted with a 50g/L electrolytic iron solution to vary the P content. ICP-OES was used to 
measure the intensity of P (λ=213.618nm) in the reference alloy solution and ICP calibration 
standards, as shown in Figure 3.12. The reference alloy solutions and calibration standards 
were found to be in good agreement. 
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Figure 3.12: [P] (mg/L) vs. Intensity (λ=213.618nm) at 50g/L dissolved solids.  
 
External analysis of the [P] measurement error by Assis [2] reported the standard deviation of 
[P] measurements ranged from 0.0000 to 0.0019 mass%. The [P] uncertainties reported by 
BlueScope Central Laboratories (Table 3.16) fall within the same range of uncertainties 
reported by Assis. The uncertainty of the BlueScope method adapted for use at the University 
of Wollongong and McMaster University was lowered by increasing the sample concentration 
to 10 or 50 g/l, depending on the amount of sample available. The use of higher sample 
concentrations increased the drift in the ICP-OES detector, therefore the calibration frequency 
was increased to every two samples. A high solids ICP-OES torch (≤100g/l) was used for these 
samples and was changed every eight samples to minimise the effect of the metal coating on 
the torch.  
 
Table 3.16: ICP-OES [P] Uncertainties.  
Method 
Solution 
Concentration 
Measurement 
Uncertainty 
Detection Limit 
g/l mass% ppm mass% 
BlueScope [305] 5 ±0.0012 ±0.06 0.001 
McMaster University 10 ±0.00016 ±0.06 0.0001 
University of Wollongong 50 ±0.0001 ±0.06 0.0001 
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3.6. Industrial Data Analysis 
Industrial data were obtained for the development of a LP model and to inform the conditions 
selected for the broader experimental program (sections 3.1 and 3.2), as outlined in Figure 3.13. 
Industrial data were selected for testing the fit of published LP models to inform the structure 
of the basicity and oxygen potential representations selected for fitting to the industrial data. 
The LP models developed were evaluated using an independent industrial database from the 
same plant. 
 
Figure 3.13: Industrial data analysis flow diagram.  
 
3.6.1. Industrial Data for Model Development 
A filtered historical database of steel and slag compositions, along with the processing 
conditions used was collated for 11340 heats (database 1) from the BlueScope Port Kembla 
BOS plant. Arc optical emission spectroscopy, sub-lance EMF [O] and X-ray fluorescence 
were used to obtain compositional data for steel and slag samples, respectively. Samples were 
obtained routinely via a sub-lance (metal) and from a chill/dip sample (slag). The database did 
not include any heats with incomplete records or non-standard processing conditions, 
including: 
▪ Incomplete data for heat duration, temperature, slag or metal compositions. 
▪ Unknown slag mass due to either double slag practice (i.e. de-siliconisation) or high 
quantities of slag remaining in the converter from the previous blow. 
▪ Heats with high pO2 due to re-processing of steel from secondary refining. 
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3.6.2. Industrial Data for Model Calibration and Evaluation 
A model cannot be accurately assessed against the database it was fitted to, as it is likely to 
outperform models not fitted to the data. Hence, a calibration/fitting database and an 
independent evaluation database were required. Consequently, database 1 was arbitrarily 
divided into database 2 (11274 heats for tuning/fitting the models) and 3 (66 heats for assessing 
the performance of the model). The larger database was used for fitting the models to ensure 
the regression was across the largest range of operating conditions available in the data. 
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4. Results 
 
In this chapter the results of the experimental studies and industrial data analysis are presented 
in three parts: 
▪ Phosphorus Partition (LP) Experiments – provides the XRF and ICP-OES measurements 
detailing the influences of temperature, basicity, oxygen potential, [Ti] and (TiO2) 
concentration on the LP. 
▪ Droplet Experiments – provides measurements and X-ray fluoroscopy images detailing 
the influence of (TiO2) on the rate of dephosphorisation, decarburisation and droplet 
surface area.  
▪ Industrial Data Analysis– provides a summary of the hot metal, steel and slag composition 
data in each of the industrial databases developed in this study.  
 
4.1. Phosphorus Partition (LP) Experiments 
All of the slag and metal compositions measured, and LP data are shown in Table 4.1. The 
experimental repeatability, and the observed effect of temperature, v-ratio and (FetO), (TiO2), 
[Ti], and gas phase controlled pO2 on the measured LP are reported in sections 4.1.2 to 4.1.7, 
as per the experimental outputs in Table 3.2. A summary of results is provided in section 4.1.1. 
 
4.1.1. Summary 
▪ The LP was observed to decrease with increasing temperature and (TiO2). 
▪ The LP was observed to increase with increasing basicity (v-ratio). 
▪ The LP was observed to have a maximum at ~ 20 mass% (FetO). 
▪ Increased [Ti] in the starting alloy was observed to increase the (TiO2), and decrease the 
(FetO) and measured LP. 
 
4.1.2. Experimental Repeatability 
A series of seven experiments were conducted using the R series slag composition (Table 3.4) 
at 1650°C for 12h to test reproducibility (in Table 4.1). The mean measured LP of the reference 
slag was 189 with a standard deviation of 7 (3.6% of the LP value). Therefore, the method was 
found to be repeatable.  
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Table 4.1: Experimental LP Results for CaO-SiO2-MgO-FetO-(MnO-Al2O3-TiO2-P2O5) slags. *total iron oxides reported as FeO, (–) no measurement. 
Exp. Temp Time (MgO) (Al2O3) (SiO2) (P2O5) (CaO) (TiO2) (MnO) (FetO)* Fe2+ [P] [Ti] LP log(pO2) 
No./ Series °C h mass% ratio log(atm) 
1 R 1650 10 9.8 0.4 17.0 1.4 47.2 0.1 0.9 23.3 - 0.003 0.000 201 - 
2 R 1650 11 12.4 0.4 16.5 1.3 45.7 0.0 0.8 22.9 - 0.003 0.000 194 - 
3 R 1650 12 17.3 0.3 15.2 1.3 43.0 0.0 0.8 22.1 - 0.003 0.000 185 - 
4 R 1650 12 11.0 0.5 17.7 4.0 47.8 0.1 1.0 18.0 8.51 0.009 0.000 193 - 
5 R 1650 12 11.3 0.6 16.4 3.9 45.0 0.1 1.1 21.6 11.14 0.009 0.000 189 - 
6 R 1650 12 11.8 0.4 16.2 3.7 46.2 0.1 1.1 20.6 10.04 0.009 0.000 178 - 
7 R 1650 12 9.6 0.4 18.0 3.8 49.4 0.0 1.1 17.7 - 0.009 0.000 186 - 
8 T 1550 12 10.6 0.5 17.8 3.8 49.9 0.0 1.2 16.2 9.7 0.004 0.000 378 - 
9 T 1600 12 12.3 0.5 19.2 4.6 48.7 0.0 1.0 13.8 8.4 0.011 0.000 187 - 
10 T 1700 12 11.1 0.4 16.2 3.9 44.7 0.0 1.1 22.5 13.09 0.013 0.000 137 - 
11 B2 1650 10 12.2 0.5 25.4 3.5 46.1 0.0 1.1 11.1 - 0.037 0.000 42 - 
12 B2 1650 11 10.7 0.5 24.6 3.7 48.2 0.0 1.0 11.4 - 0.029 0.000 56 - 
13 B2 1650 12 12.4 0.4 25.1 3.7 46.6 0.0 1.0 10.9 - 0.037 0.000 43 - 
14 B2 1650 12 14.2 0.4 24.1 3.4 45.5 0.0 1.1 11.4 - 0.022 0.000 67 - 
15 B2 1650 12 12.9 0.2 21.8 4.0 46.3 0.0 0.9 13.9 - 0.023 0.000 76 - 
16 B2 1650 12 13.4 0.3 17.2 2.7 34.3 0.0 0.9 31.2 - 0.015 0.000 79 - 
17 B2 1650 12 10.9 0.3 18.2 2.8 36.8 0.0 0.9 30.1 - 0.017 0.000 73 - 
18 B4 1650 12 10.2 0.3 13.5 3.4 55.5 0.0 1.1 16.0 - 0.004 0.000 374 - 
19 B4 1650 12 10.2 0.5 13.2 3.8 51.6 0.0 1.2 19.6 - 0.004 0.000 411 - 
20 B4 1650 12 7.5 0.1 15.1 2.9 67.0 0.0 0.9 6.5 - 0.007 0.000 178 - 
21 B4 1650 12 7.3 0.1 15.4 2.8 66.5 0.0 0.7 7.1 - 0.007 0.000 176 - 
22 B4 1650 12 9.1 0.1 17.0 2.6 65.1 0.0 0.8 5.3 - 0.013 0.000 89 - 
23 B4 1650 12 9.4 0.1 15.4 2.8 61.9 0.0 1.2 9.3 - 0.006 0.000 201 - 
24 B4 1650 12 10.1 0.3 14.5 3.3 56.9 0.0 1.0 14.0 - 0.004 0.000 356 - 
25 B4 1650 12 12.9 0.3 13.1 2.7 54.8 0.0 1.1 15.2 - 0.004 0.000 298 - 
26 B4 1650 12 16.0 0.4 11.1 3.3 48.5 0.0 1.2 19.5 - 0.005 0.000 288 - 
27 B5 1650 12 7.4 0.2 13.0 3.5 64.4 0.0 1.2 10.3 - 0.004 0.000 381 - 
28 B5 1650 12 11.5 0.3 10.6 3.7 48.4 0.0 1.2 24.3 - 0.004 0.000 418 - 
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Table 4.1 (Continued): Experimental LP Results for CaO-SiO2-MgO-FetO-(MnO-Al2O3-TiO2-P2O5) slags. *total iron oxides reported as FeO 
Exp. Temp Time (MgO) (Al2O3) (SiO2) (P2O5) (CaO) (TiO2) (MnO) (FetO)* Fe2+ [P] [Ti] LP log(pO2) 
No./ Series °C h mass% ratio log(atm) 
29 B5 1650 12 10.3 0.1 12.9 3.5 62.1 0.0 1.2 9.9 - 0.005 0.000 303 - 
30 B5 1650 12 9.5 0.2 12.0 2.9 63.5 0.0 1.1 10.7 - 0.003 0.000 426 - 
31 B5 1650 12 10.6 0.2 12.5 3.0 61.0 0.0 1.1 11.6 - 0.003 0.000 438 - 
32 B5 1650 12 10.0 0.2 11.3 3.0 63.0 0.0 1.2 11.2 - 0.003 0.000 442 - 
33 B5 1650 12 10.8 0.2 12.4 3.0 60.4 0.0 1.1 12.1 - 0.003 0.000 435 - 
34 TiO2 1650 12 10.7 0.4 17.1 3.8 46.0 1.1 1.1 19.7 - 0.009 0.000 189 - 
35 TiO2 1650 12 10.4 0.5 15.7 3.7 44.5 5.1 1.2 19.1 - 0.012 0.000 130 - 
36 TiO2 1650 12 10.9 0.5 14.8 3.9 42.1 8.2 1.1 18.5 - 0.018 0.000 96 - 
37 TiO2 1650 12 9.9 0.6 16.4 3.7 41.5 9.7 1.1 17.2 - 0.024 0.000 67 - 
38 TiO2 1650 12 12.4 0.4 12.9 3.7 40.9 12.4 1.2 16.1 - 0.027 0.000 60 - 
39 TiO2 1650 12 15.9 0.5 13.7 3.4 35.3 18.0 1.1 12.1 - 0.09 0.000 17 - 
40 TiO2 1650 12 9.9 0.6 15.3 1.4 45.1 0.9 0.9 25.9 - 0.003 0.000 185 - 
41 TiO2 1650 12 11.1 0.5 16.5 1.4 40.6 9.0 0.8 20.0 - 0.011 0.000 58 - 
42 TiO2 1650 12 18.4 0.5 18.7 2.7 39.7 10.5 1.0 8.5 - 0.096 0.000 12 - 
43 TiO2 1650 12 17.5 0.5 18.1 3.1 38.5 10.7 1.0 10.6 - 0.071 0.000 19 - 
44 TiO2 1650 12 15.9 0.4 16.2 3.3 36.1 10.4 1.2 16.7 - 0.04 0.000 36 - 
45 TiO2 1650 12 19.0 0.4 16.2 3.4 35.4 10.1 1.1 14.3 - 0.05 0.000 29 - 
46 TiO2 1650 12 17.2 0.6 13.6 3.9 38.8 9.2 1.0 15.7 - 0.03 0.000 56 - 
47 TiO2 1650 12 25.6 0.3 12.1 2.9 27.9 8.7 1.0 21.5 - 0.04 0.000 31 - 
48 [Ti] 1650 12 9.8 0.5 17.3 3.8 47.2 0.5 1.0 19.8 - 0.009 0.001 191 - 
49 [Ti] 1650 12 10.8 0.6 17.9 3.9 49.1 1.6 1.0 15.1 - 0.011 0.001 148 - 
50 [Ti] 1650 12 10.8 0.6 17.3 3.9 47.6 3.1 0.9 15.7 - 0.013 0.001 131 - 
51 G 1650 10 6.1 0.3 7.8 1.4 24.3 0.0 0.8 59.2 - 0.016 0.000 38 -8.25 
52 G 1650 10 9.8 0.2 9.5 2.1 26.7 0.6 0.9 50.4 - 0.016 0.000 58 -8.25 
53 G 1650 10 11.8 0.2 7.7 2.0 22.0 4.8 0.9 50.6 - 0.025 0.000 34 -8.25 
54 G 1650 10 13.2 0.3 13.4 2.9 39.4 0.0 1.2 29.4 - 0.009 0.000 142 -8.80 
55 G 1650 10 10.1 0.3 13.5 3.0 41.1 1.0 1.2 29.8 - 0.008 0.000 175 -8.80 
56 G 1650 10 7.5 0.3 15.0 1.8 39.8 6.1 0.1 29.4 - 0.008 0.000 100 -8.80 
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4.1.3. The Effect of Temperature on LP 
Increasing temperature was found to asymptotically decrease the measured LP as shown in 
Figure 4.1. The 1600°C (Exp. No. 9) slag composition was found to have a lower FetO (14 
mass%) and basicity (V=2.5) than the other slags in the T and R series (FetO ~20 mass%, V 
=2.8).  
 
 
Figure 4.1: LP measured versus temperature under an Ar atmosphere (R and T series data). 
 
4.1.4. The Effect of Basicity and pO2 on LP 
The basicity (i.e. v-ratio) and pO2 (i.e. (FetO)) were varied in the B series to determine the 
effect on the measured LP. Ignoring the effect of (FetO), basicity was found to increase the 
measured LP, as shown in Figure 4.2a). The increase in LP with basicity is also observed when 
both variables are accounted for, as shown in Figure 4.2b).  
 
a)  b)  
Figure 4.2: LP measured versus a) v-ratio b) FetO under an Ar atmosphere (R and B series 
data).  
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4.1.5. The Effect of (TiO2) on LP 
Increasing the (TiO2) content was found to decrease the LP measured as shown by the R and 
TiO2 series data in Figure 4.3.   
 
    
Figure 4.3: LP measured versus (TiO2) content at 1650°C under an Ar atmosphere (R and 
TiO2 series data). 
 
4.1.6. The Effect of [Ti] on LP 
Increasing initial [Ti] concentration was found to increase the final (TiO2) and decrease the 
final (FetO) relative to the reference slag composition (R series), as shown by the R and [Ti] 
series in Figure 4.4a). Additionally, increasing initial [Ti] concentration was found to decrease 
the LP measured as shown by the R and [Ti] series in Figure 4.4b). 
 
a) b)  
Figure 4.4: a) (FetO) and (TiO2) content versus initial [Ti] b) LP measured versus (TiO2) at 
1650°C under an Ar atmosphere (R and [Ti] series data). 
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4.1.7. Effect of pO2 from Gas CO/CO2 on LP 
Increasing the system pO2 via CO/CO2 control of the gas phase was found to lower the 
measured LP at a constant (TiO2) content, as shown in Figure 4.5a). The decrease in the 
measured LP with increasing (TiO2) was also observed in the CO/CO2 experiments, as shown 
in Figure 4.5b). 
 
 a)  b)  
 
Figure 4.5: LP measured versus a) log(pO2), b) (TiO2) at 1650°C under an Ar and Ar-CO-
CO2 atmospheres (R, TiO2 and G series data). 
 
4.2. Droplet Experiments 
The observed [P] removal, CO generation, droplet volume, and slag volume changes with time 
are reported in sections 4.2.2 to 4.2.5, as per the experimental outputs in Table 3.5. A summary 
of results is provided in section 4.2.1. 
 
4.2.1. Summary 
▪ Rapid phosphorus removal was observed with the reaction primarily occurring in the first 
second. The dephosphorisation rate increased with (TiO2) content. 
▪ The initial decarburisation rate increased with (TiO2) content.  
▪ The maximum metal droplet volume increased with (TiO2) content. 
▪ Slag foam volume increased with (TiO2) content. 
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4.2.2. [P] Removal with Time 
The droplet [P] and slag composition were measured with time, as shown in Figure 4.6, by 
quenching the samples at different reaction times. Rapid dephosphorisation was observed, with 
[P] decreasing from 0.072 mass% to less than 0.002 mass% within the first second of the 
reaction. The dephosphorisation rate slowed significantly after the first second with a very 
gradual decrease in [P] observed thereafter.   
a) b)  
c)  
Figure 4.6: [P] versus time for basic slags at 1650°C with a) 0 mass% TiO2 b) 5 mass% TiO2 
c) 10 mass% TiO2. Error bars ± 1 standard deviation. 
 
The standard deviation of the experiment was assessed using all [P] measurements from 5 
seconds onwards, where three [P] measurements were recorded for each time step. These data 
may all be assumed to be measurements of the final [P] since they all slowly approach a final 
value with time. Hence, the experimental standard deviation was 0.00023, 0.00019, and 
0.00013 mass% [P] with 0, 5, and 10 mass% TiO2, respectively. The standard deviations of 
these data are reasonable as they are similar in magnitude to the maximum possible 
experimental error for [P] of 0.00016 mass%, where this error is the accumulative measurement 
errors of the sample weight (±0.00005g), dilution (±0.08 ml) and the ICP-OES (± 1ppb). 
Hence, the experimental method is considered to be repeatable. 
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4.2.3. CO Generation with Time 
The evolution of CO from the decarburisation reaction was measured via a pressure transducer 
and converted to moles via the ideal gas law (see section 3.2.1). The moles of CO generated 
versus time for each of the three slags tested are shown in Figure 4.7.  All three slags were 
observed to exhibit rapid CO generation in the first ~1 second followed by a slower secondary 
period of CO generation where the rate slows as the reaction approaches completion. The initial 
rate of CO generation was observed to increase with the TiO2 content of the slag, as shown in 
Figure 4.7d).  The secondary rate of CO generation (i.e. the slope from ~ 3 seconds onward) 
was observed to decrease with increasing TiO2 content of the slag.  
a) b)  
c) d)  
Figure 4.7: Total moles of CO generation versus time for basic slags containing a) 0 mass% 
TiO2, b) 5 mass% TiO2 and c) 10 mass% TiO2, where error bars represent ± 1 standard 
deviation. d) Fitted log curves for CO generation with time data. 
 
The variations in CO measurements may in part be attributed to variations in the initial [C] 
content (±0.005 mass%), gas convection currents, and gas escape rate from the slag. The 
convection currents in the vertical tube furnace are caused by the temperature gradient between 
the hot zone and water-cooled end caps. The 5 mass% TiO2 experiments were conducted last 
hence the higher standard deviation (Table 4.2) was attributed to the degradation of the furnace 
seals. 
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Table 4.2: Standard deviation between 0-30s of CO measurements.  
(TiO2) mass% Measurements Measurement Frequency Standard Deviation 
0 3 0.1s 14.7% 
5 3 0.1s 21.3% 
10 3 0.1s 16.1% 
 
4.2.4. Droplet Volume with Time 
The change in droplet volume with time for each of the three experimental slags (0, 5 and 10 
mass% TiO2) is shown in Figure 4.8. The droplet volume was determined via image analysis 
of recorded X-ray videos, as detailed in section 3.2.3 with the images given in Appendix 6. The 
droplets were observed to react immediately with the slag causing the droplet to bloat. From 
the average data given in Figure 4.8d), the maximum droplet volume (i.e. bloating) was 
observed between 2 and 3 seconds in all three slags.  
 
a)  b)  
c) d)  
Figure 4.8: Droplet volume versus time for a) 0 mass% TiO2, b) 5 mass% TiO2 and c) 10 
mass% TiO2. d) The average droplet volume versus time for all three slags tested, where the 
error bars represent ± 1 standard deviation. 
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The maximum droplet volume and rate of volume change increased with TiO2 content. This 
observation is consistent with the CO generation data where the initial CO generation rate also 
increased with TiO2 content, which may be expected to cause the larger droplet volume 
increase with TiO2. The decreasing secondary CO generation rate with TiO2 after 2 seconds 
also explains the rapid decrease in droplet volume after the peak at 2 seconds observed in the 
10 mass% TiO2 slag. The low standard deviations for the droplet volume measurements (Table 
4.3) indicate the experimental method is repeatable. 
 
Table 4.3: Standard deviation of droplet volume measurements.  
(TiO2) mass% Measurements Measurement Frequency Standard Deviation 
0 3 1.0s 3.56% 
5 3 1.0s 7.25% 
10 3 1.0s 7.11% 
 
4.2.5. Changes in Dense and Foamy Slag Volume with Time 
The change in the dense and foamy slag volumes with time for each of the three experimental 
slags (0, 5 and 10 mass% TiO2) is shown in Figure 4.9. The dense and foamy slag volumes 
were determined via image analysis of recorded X-ray videos, as detailed in section 3.2.3 with 
the images given in Appendix 6. The slags were all observed to produce a foam after the droplet 
entered the slag at similar time scales to CO generation and slightly slower than the droplet 
volume increase. The maximum foamy slag volume of 13-25cm3 was observed between 3-4 
seconds in all slags. The foamy slag volume was observed to decrease rapidly after 3-4 seconds 
approaching ~ 5 cm3 at 10 seconds. After this time there was gradual decrease in slag volume. 
The maximum foamy slag volume was observed to increase with TiO2 content. This 
observation is in good agreement with the increase in droplet volume and CO generation rates. 
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a) b)  
c) d)  
e)  
Figure 4.9: Dense and Foamy slag volume versus time for a) 0 mass% TiO2, b) 5 mass% 
TiO2 and c) 10 mass% TiO2. d) Average dense slag volume versus time. e) Average foamy 
slag volume versus time. Error bars represent ± 1 standard deviation. 
 
The standard deviation as a percentage of volume data is given Table 4.4. The low standard 
deviations for the dense slag volume measurements indicate the experimental method is 
repeatable. The higher standard deviations for the foamy slags is expected given, the lower 
contrast in the X-ray images and variable interfaces as gas bubbles percolated through the slag 
making the measurement in part subjective. Although the standard deviations were higher than 
the dense slag, these values still indicate a reasonable degree of repeatability. 
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Table 4.4: Standard deviation of droplet volume measurements.  
(TiO2) 
mass% 
Measurements 
Measurement 
Frequency 
Standard 
Deviation for 
Foamy Slag 
Standard 
Deviation for 
Dense Slag 
0 3 1.0s 7.73% 4.58% 
5 3 1.0s 16.97% 2.78% 
10 3 1.0s 18.84% 4.39% 
 
4.2.6. Experimental Observations 
The following observations were made during or on completion of the droplet experiments: 
▪ The dense liquid slag was observed to form a meniscus using X-ray imaging before the 
start of the droplet experiments, in all conditions tested (Figure 4.10a). 
▪ The dense slag was observed to reform a meniscus using X-ray imaging as the reaction 
approached completion (Figure 4.10b). 
  
Figure 4.10: Dense slag meniscus observed via X-ray in droplet experiments at a) 
t<0s and b) t=180s. 
 
▪ On removal from the quench chamber, the slag was a solid mass in the bottom of the 
crucible. On cooling to room temperature in a metal tray, slag decrepitation was observed 
resulting in a fine powder (Figure 4.11). The metal droplets were easily removed from the 
resulting slag powder. Decrepitation is a well-known phenomenon in slags [306-308] 
containing dicalcium silicate (Ca2SiO4) where the disintegration occurs due to a structural 
change from β (monoclinic structure) to γ (rhombohedral structure). 
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Figure 4.11: Slag powder formed via decrepitation of slag on cooling to room 
temperature. 
 
4.3. Industrial Data Analysis 
The mean, standard deviation, minimum and maximum values for the composition and 
temperature data in database 1 to 3 are reported in sections 4.3.2 and 4.3.3. A summary of 
results is provided in section 4.3.1. 
 
4.3.1. Summary 
▪ The average BOS final conditions (i.e. after blow/ tap) were found to be 1656 °C, 0.013 
mass% [P], 0.002 mass% [Ti], and 0.05 mass% [C], 23.3 mass% (FetO), 9.5 mass% 
(MgO), 1.0 mass% (P), 1.2 mass% (TiO2), and a v-ratio of 3.3. 
▪ The average BOS initial conditions (i.e. charging/ hot metal) were 1350°C, 0.096 mass% 
[P], 0.060 mass% [Ti], and 4.49 mass% [C]. 
 
4.3.2. Industrial Data for Model Development 
Table 4.5 summaries the hot metal, steel and slag compositions in database 1. These data were 
used to inform the conditions selected for the LP and droplet experiments. It can be seen that 
the average temperature of 1656 °C, average v-ratio of 3.3, and average (FetO) of 23.3 mass% 
closely align with the conditions selected for the reference series (R series) LP experiments 
(1650°C, v-ratio~3 and (FetO) = 23). The hot metal [P] and [Ti] ranges also informed the 
selection of the LP alloy compositions (Table 3.3). 
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Table 4.5: The maximum, minimum, mean and standard deviation for temperature, and hot 
metal, steel, and slag compositions for database 1.  
Variables Mean 
Standard 
Deviation 
Minimum Maximum 
No. 
observations  
H
o
t 
M
et
al
 
Temp (°C) 1350 35 1250 1465 11340 
[C] 4.478 0.119 3.860 4.920 11340 
[P] 0.096 0.015 0.061 0.174 11340 
[Si] 0.444 0.112 0.072 0.986 11340 
[Ti] 0.060 0.019 0.011 0.147 11340 
A
ft
er
 B
lo
w
 S
te
el
 Temp (°C) 1655.6 16.6 1607.0 1720.0 11340 
[C] 0.050 0.018 0.019 0.227 11340 
[P] 0.013 0.004 0.005 0.031 11340 
[Si] 0.004 0.001 0.004 0.017 11340 
[Ti] 0.002 0.000 0.001 0.003 11340 
[O] 0.057 0.019 0.004 0.189 11340 
T
ap
 S
la
g
 
(CaO) 42.7 3.7 25.5 57.1 11340 
(MgO) 9.5 1.4 5.2 19.5 11340 
(P) 1.0 0.2 0.3 1.7 11340 
(SiO2) 13.0 1.8 6.6 23.3 11340 
(FetO) 23.3 4.6 10.3 44.8 11340 
(MnO) 4.6 0.6 2.1 10.4 11340 
(Al2O3) 2.0 0.5 0.5 14.7 11340 
(TiO2) 1.2 0.3 0.3 3.6 11340 
(S) 0.1 0.0 0.0 0.9 11340 
(V2O5) 1.6 0.7 0.1 3.9 11340 
v-ratio 3.3 0.5 1.6 6.4 11340 
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4.3.3. Industrial Data for Model Calibration and Evaluation 
The calibration database (database 2) summarised in Table 4.6 was found only to have minor 
variation from the overall average composition detailed in Table 4.5. 
 
Table 4.6: The maximum, minimum, mean and standard deviation for temperature, and hot 
metal, steel, and slag compositions for database 2.  
Variables Mean 
Standard 
Deviation 
Minimum Maximum 
No. 
observations  
H
o
t 
M
et
al
 
Temp (°C) 1350 35 1250 1465 11274 
[C] 4.479 0.119 3.860 4.920 11274 
[P] 0.096 0.014 0.061 0.174 11274 
[Si] 0.443 0.112 0.072 0.986 11274 
[Ti] 0.060 0.019 0.011 0.147 11274 
A
ft
er
 b
lo
w
 S
te
el
 Temp (°C) 1656 17 1607 1720 11274 
[C] 0.050 0.018 0.019 0.227 11274 
[P] 0.013 0.004 0.005 0.031 11274 
[Si] 0.004 0.001 0.004 0.017 11274 
[Ti] 0.002 0.000 0.001 0.003 11274 
[O] 0.057 0.019 0.004 0.189 11274 
T
ap
 S
la
g
 
(CaO) 42.7 3.7 25.5 57.1 11274 
(MgO) 9.5 1.4 5.2 19.5 11274 
(P) 1.0 0.2 0.3 1.7 11274 
(SiO2) 13.0 1.8 6.6 23.3 11274 
(FetO) 23.3 4.6 10.3 44.8 11274 
(MnO) 4.6 0.6 2.1 10.4 11274 
(Al2O3) 2.0 0.5 0.5 14.7 11274 
(TiO2) 1.2 0.3 0.3 3.6 11274 
(S) 0.1 0.0 0.0 0.9 11274 
(V2O5) 1.6 0.7 0.1 3.9 11274 
v-ratio 3.3 0.5 1.6 6.4 11274 
 
The test database (database 3) summarised in Table 4.7 is also reasonably consistent with the 
overall average composition detailed in Table 4.5. However, the hot metal [P] and [Si] 
concentrations were typically higher by 0.031 and 0.132 mass%, respectively. The higher [Si] 
in the hot metal also explains the lower v-ratio and higher (SiO2) observed. 
 
 
 
72 
 
Table 4.7: The maximum, minimum, mean and standard deviation for temperature, and hot 
metal, steel, and slag compositions for database 3.  
Variables Mean 
Standard 
Deviation 
Minimum Maximum 
No. 
observations  
H
o
t 
M
et
al
 
Temp (°C) 1350 40 1256 1430 66 
[C] 4.389 0.119 4.140 4.710 66 
[P] 0.127 0.011 0.094 0.155 66 
[Si] 0.576 0.122 0.327 0.847 66 
[Ti] 0.046 0.015 0.034 0.142 66 
A
ft
er
 b
lo
w
 S
te
el
 Temp (°C) 1659 15 1633 1696 66 
[C] 0.045 0.012 0.027 0.087 66 
[P] 0.016 0.003 0.010 0.025 66 
[Si] 0.004 0.000 0.004 0.004 66 
[Ti] 0.001 0.000 0.001 0.001 66 
[O] 0.056 0.018 0.005 0.111 66 
T
ap
 S
la
g
 
(CaO) 42.3 2.2 38.0 46.7 66 
(MgO) 8.7 1.2 6.2 12.4 66 
(P) 1.0 0.1 0.8 1.4 66 
(SiO2) 15.6 2.2 10.5 22.0 66 
(FetO) 23.2 3.5 15.8 31.6 66 
(MnO) 4.2 0.6 2.4 5.9 66 
(Al2O3) 2.6 0.7 1.6 4.9 66 
(TiO2) 0.9 0.3 0.5 2.1 66 
(S) 0.1 0.0 0.0 0.1 66 
(V2O5) 0.5 0.3 0.2 2.0 66 
v-ratio 2.8 0.4 1.9 3.9 66 
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5. LP and 𝐂𝐏𝐎𝟒𝟑−
 of Basic Oxygen Steelmaking Slags 
 
This chapter provides analysis of the LP and calculated CPO43− data. A summary of the findings 
of this chapter is given in section 5.1. The effect of temperature, basicity and pO2 (i.e. v-ratio 
and FetO), TiO2, and [Ti] on the measured LP are discussed in section 5.2. The CPO43− and pO2 
were assessed, and the approaches used validated using experimental data for both TiO2-free 
and TiO2-bearing BOS slags in sections 5.3 and 5.4. The effect of basicity (v-ratio, NBO/T, 
Λ), TiO2, [Ti], and the P2O7
4- dimer formation on CPO43− are discussed in section 5.5. The effect 
of TiO2 and [Ti] on pO2 are discussed in section 5.6.  
 
5.1. Summary 
▪ The LP and CPO43− data from this study were found to be in good agreement with published 
data from Selin [3, 4], Suito et al. [34, 54], and Assis et al. [1, 2]. 
▪ Increasing temperature (1550 to 1700°C) was found to decrease the LP and CPO43− due to 
an increase in Gº decreasing the stability of P2O5. 
▪ Increasing slag basicity (as represented by v-ratio, NBO/T, Λ) was found to increase the 
LP and CPO43− due to the increase in O
2- stabilising the PO4
3−  ion in the slag. 
▪ Increasing pO2 was found to increase the LP up to a maximum (~-9.0 log(pO2) or ~20 
mass% FetO), after which an increase in (FetO) was found to dilute the basic oxides in the 
slag, thereby decreasing slag basicity and LP. 
▪ Increasing TiO2 was found to lower the LP and CPO43− due to a decrease in slag basicity. 
This decrease in basicity with TiO2 was observed from both the NBO/T and Λ approaches. 
▪ Increasing [Ti] resulted in a small increase in TiO2, however no measurable effect on CPO43− 
was observed over the ranges tested. This was attributed to the negligible effect the small 
increase in TiO2 had on slag basicity (as represented by NBO/T and Λ).  
▪ Increasing [Ti] was found to decrease the LP by lowering the pO2, calculated via the CPO43− 
model and measured LP method (see section 5.3.3). 
▪ Increasing TiO2 was found to result in a small increase in pO2 for TiO2-bearing slags with 
a fixed v-ratio in this study. The pO2 was calculated via the CPO43− model and measured LP 
method (see section 5.3.3) in this study.  
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▪ The PO43- monomer was found to be the predominant phosphorus oxide ion structure in 
the experimental slags tested. This was confirmed by using the measured compositions 
from this study with the dimer model of Selin [3, 4].  
▪ The LP achieved with the TiO2-free slags used in this study was found to be in good 
agreement with those predicted from the Assis et. al. LP model (equation 2.41). This 
represented an expansion of this model’s applicability and validation of the model for use 
at higher temperatures (up to 1700°C) and slag basicities (up to v-ratio ~5) representative 
of the industrial BOS process.  
▪ The Assis et. al. LP model was modified to include TiO2 using root mean square error 
minimisation and the LP data for TiO2 bearing slags from this study and Selin’s.  
▪ An empirical CPO43− model was developed using root mean square error minimisation and 
CPO43− data collated from 23 published studies incorporating the effect of a broad range of 
slag compositions, including TiO2. The CPO43− model was validated with independent 
CPO43−  data for both TiO2-free and TiO2-bearing slags from this study.  The CPO43− data for 
TiO2-bearing slags in this study was determined using the controlled CO/CO2 ratio to 
determine the pO2. Hence, the CPO43− model can be considered valid for these temperatures 
(1550-1700°C), basicity (v-ratio 1.8-5.6), TiO2 (0-18 mass%), and pO2 (log(pO2) -9.8 to -
8.3) ranges.  
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5.2. Evaluation of the LP data 
The effect of the key dephosphorisation variables (temperature, basicity, and pO2) on the TiO2-
free LP data will be evaluated in sections 5.2.1 - 5.2.2. Given the aim of this study is to elucidate 
the effect of TiO2 and [Ti] on dephosphorisation, these variables will be assessed in sections 
5.2.3-5.2.4. The TiO2-bearing slags were assessed separately from the TiO2 free slags to discern 
the effect of TiO2 and [Ti] on basicity and pO2 independently of changes caused by variations 
in v-ratio and (FetO). 
 
A review of the LP literature [121] (Appendix 2) found the Assis et al. [1] LP model, given in 
equation 2.41, 
logLP = 0.068[(%CaO)+0.42(%MgO)+1.16(%P2O5)+0.20(%MnO)] + 
11570
T
 -10.52  
+ 2.5log(%Fet)     
 
incorporates a significant amount of the published laboratory LP data and is therefore 
convenient for comparing the experimental LP data with other studies. The Assis et al. [1] LP 
model was found to have a high fit (R2 = 0.98) to the LP data from this study. Hence, the LP 
data from this study are in reasonable agreement with the studies of Suito et al. [34, 54], Basu 
et al. [52, 53] and Assis et al. [1, 2] used to develop the Assis et al. [1] LP model. In sections 
5.2.3-5.2.4 where the Assis LP model is used for comparison with the experimental data, unless 
otherwise specified, the model inputs given in Table 5.1 were used in the model.  
 
Table 5.1: LP model inputs.  
Temp MgO Al2O3 SiO2 P2O5 CaO TiO2 MnO FetO v-ratio 
°C mass% 
1650 10.5 0.5 17.0 3.2 47.6 0.0 1.0 20.0 2.8 
 
5.2.1. The Effect of Temperature on LP 
Increasing temperature was found to decrease the measured LP, as shown in Figure 5.1. The 
Assis et al. LP model was found to predict the decrease in LP with increasing temperature, 
assuming the measured v-ratio (2.8 or 2.5) and FetO (16.5, 14, 20.87, 22.50 mass%) contents. 
The temperature effect may be explained by consideration of the Gibbs free energy change 
(equation 2.2) for the formation of P2O5 (equation 2.1).  
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2[P] + 5[O] = (P2O5)   
ΔG°= –832384 + 632.65T (J·mol-1) 
 
From this equation, it can be seen that increasing temperature increases Gº, thereby 
decreasing the stability of P2O5, resulting in a higher [P] and lower LP. 
 
 
Figure 5.1: LP measured versus temperature under an Ar atmosphere (R and T series data). 
The lines are calculated using equation 2.41 and the measured v-ratio and FetO. 
 
The LP measured at 1600°C (Exp. No. 9) was found to be lower than might be expected if 
considered against the Assis et al. LP model. This low LP value at 1600°C may be attributed to 
lower FetO (14 mass%) and basicity (V=2.5), compared to the other slags in the T and R series 
(FetO 16.5-22.5 mass%, V =2.8) as shown when these values were used in the Assis et al. LP 
model. 
   
5.2.2. The Effect of Slag Basicity and pO2 on LP 
Basicity and pO2 were varied in the TiO2 free slags (B, R, and a selection of G series data) at 
1650°C to determine their effect on the measured LP, as shown in Figure 4.2. Slag basicity 
(reviewed in section 2.1.3) may be represented in many ways however there is no universally 
accepted approach. The v-ratio (equation 2.11) was the basicity approach used for assessing 
the experimental LP data.  
v-ratio= 
(%𝐶𝑎𝑂)
(%𝑆𝑖𝑂2)
 
 
While two additional basicity approaches (NBO/T and Λ) were considered for the assessment 
of the CPO43−data (section 5.5.1), these are not considered here. 
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The pO2 is commonly represented by [O] or FetO in the LP literature [121] (Appendix 2). These 
may be related back to pO2 using equations 2.19, 2.20, 2.23, and 2.24, detailed previously in 
section 2.1.4.  
1
2
O2(g)= [O]                        ΔG°= -115750-4.63T Jmol
-1 
Fe(l) + [O] = (FeO)            ΔG°= -116950+49.94T Jmol
-1 
 
LP was found to increase with basicity and increase with FetO content up to a maximum at ~ 
20 mass% followed by a decreasing trend with FetO above 20 mass%, as shown in Figure 4.2a). 
Similar trends were observed when the pO2 was presented as log(pO2) with the maximum 
occurring at -9.0, as shown in Figure 4.2b). The Assis model was found to closely predict the 
experimental results, where the deviations from the model lines were found to be primarily due 
to variations in the FetO content (i.e. pO2) and v-ratio. The model lines were calculated using 
equation 2.57, from the inputs given in Table 5.1, and varying the input v-ratio and FetO. In 
Figure 4.2 the pO2 is presented as FetO and log(pO2), where the pO2 was determined using 
MTData [309]. 
a)  
b)  
Figure 5.2: LP measured versus a) FetO, and b) log(pO2) for R, B and TiO2 free G series data. 
The Assis et al. LP model lines were calculated using equation 2.41 and varying the input v-
ratio or FetO. The pO2 data were determined using MTData [309]. 
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The increase of LP with increasing basicity is consistent with what other researchers have 
reported [3, 4, 15-17, 34, 53-55, 65, 290, 292, 310-320], as shown in Figure 5.3. This increasing 
trend with basicity may be explained by consideration of equation 2.3, whereby higher basicity 
(O2-) moves the reaction to the right, stabilising the PO4
3−  ion in the slag and increasing the LP. 
 [P]+
5
2
[O]+
3
2
(O2-)=(PO4
3-)   
 
 
Figure 5.3: (P2O5)/[P] versus (FeO) at ~1685°C at various v-ratio [15-17, 65]. 
 
In both the measurements and the model predictions, a maximum LP is achieved at 
approximately 20% FetO or -9.0 log(pO2) for a given v-ratio. This behaviour is consistent with 
what other workers have reported [15-17, 65] (see Figure 5.3). The maximum represents an 
optimum slag composition that is informed by the dual requirements of a high oxygen potential 
and high basicity (v-ratio) on dephosphorisation. This behaviour is best understood by 
consideration of the dephosphorisation reaction given in equation 2.3, where phosphorus 
removal from the metal to slag (i.e. increasing LP) is maximised by the combination of high 
basicity and high pO2 at a fixed temperature. Since the FetO supplies the oxygen for 
dephosphorisation in this study, an increase above ~20 mass% must be causing a decrease in 
LP due to the dilution of the basic components in the slag (i.e. lower O
2-).  
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5.2.3. The Effect of TiO2 on LP 
The intention was to evaluate the experimental LP data using the recently published LP model 
by Assis et al. [1]. However, the model does not include an input for titania. To assess whether 
the Assis et al. [1] LP model was suitable for predicting LP in slags containing significant 
quantities of TiO2, LP values calculated from the model were compared with those measured 
in this study (Table 4.1) and reported by Selin [3, 4], as shown in Figure 5.4a). In order to 
utilise the TiO2 bearing slag compositions in the Assis et al. [1] LP model, it was assumed that 
there was no TiO2 in the slag. The slag compositions were then normalised to 100 mass%. 
a) b)  
Figure 5.4: LP measured versus LP calculated using the a) Assis et al. LP model [1] b) modified 
Assis et al. LP model for all TiO2 bearing slags from this study (TiO2, [Ti], and G series) and 
Selin’s [3, 4]. 
 
From Figure 5.4a) it can be seen that the Assis et al. [1] LP model over-predicts the LP value.  
The over-prediction (deviation from the 1 to 1 correspondence line) was found to be an average 
of 14.6% for data measured in this study and 20.3% for Selin’s data. Given the previous 
excellent fit of the Assis et al. [1] model for LP’s in the CaO-SiO2-MgO-FetO-MnO-Al2O3-
P2O5 system (sections 5.2.1-5.2.2) using similar slag compositions but without TiO2 it can be 
argued that the deviation is primarily due to the effect of TiO2. The effect of TiO2 may be 
accounted for by expanding the model to include TiO2.  
 
The LP data from both this study (Table 4.1) and Selin’s [3, 4] investigation were used to 
determine a coefficient for a new TiO2 term and intercept via root mean square error 
minimisation to obtain the LP model in equation 2.6.  In developing the modified Assis et al. 
LP model the original composition and temperature coefficients of the Assis et al. [1] LP model 
were held constant.   
logLP = 0.068[(CaO)+0.42(MgO)+1.16(P2O5)+0.20(MnO)+0.087(TiO2)]+ 
11570
T
     -10.49 + 2.5log(Fet) 
5.1 
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The adapted model output was compared to the measured LP in this study and that by Selin [3, 
4] in Figure 5.4b). As before the solid line represents a 1 to 1 correspondence of the measured 
LP data to the calculated. From Figure 5.4b), it can be seen that the adapted Assis et al. [1] LP 
model represents the data well. It was found to have an average error of 0.5% and 3.9% of the 
LP for the TiO2 bearing slags in this study and Selin’s [3, 4]  data, respectively.  
 
The sensitivity of LP to TiO2 for TiO2-bearing slags was assessed and compared to the modified 
model in Figure 5.5. The measured LP was found to decrease with increasing TiO2 at 1650°C, 
as shown in Figure 5.5a). This trend became less pronounced at higher pO2. The decreasing 
trend with TiO2 was also observed at 1600°C in Selin’s data in Figure 5.5b).  
 
a) b)  
Figure 5.5: LP measured versus TiO2 a) TiO2 bearing slags from this study at 1650°C b) TiO2 
bearing slags from Selin’s study at 1600°C, v-ratio~1.7 (1.6-1.9). The model lines are 
calculated using equation 2.6 and varying the input TiO2. 
 
The modified Assis et al. LP model results shown in Figure 5.5 were determined using equation 
5.1, Tables 5.1-5.2, the stated FetO contents (20, 29.5, and 53.5 mass%), and progressively 
increasing the TiO2 content from 0 to 20 mass%. The modified Assis et al. LP model results 
were found to predict the observed trends in the experimental data closely.  
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Table 5.2: Average experimental conditions for Selin’s data used as LP model inputs.  
Temp MgO Al2O3 SiO2 P2O5 CaO TiO2 MnO FetO v-ratio 
°C mass% 
1600 12 0.0 22.9 1.0 38.9 0.0 0.2 25.0 1.7 
 
The observed scatter was primarily attributed to variations in FetO and minor changes in v-
ratio. The effect of both FetO and TiO2 on the measured LP are shown in Figure 5.6. The model 
lines were calculated using equation 5.1, Table 5.1, and progressively increasing both the TiO2 
and FetO content. The measured LP data for  Figure 5.6 (experiments 4-5, 7, 16-18, 48-50) were 
filtered to similar conditions (1650°C, 10.5 ±1 mass% MgO, 3.2 ±0.2 mass% P2O5, and a v-
ratio of 2.7-2.8). 
 
   
Figure 5.6: Measured LP versus FetO at 1650°C for 10.5 ±1 mass% MgO, 3.2 ±0.2 mass% 
P2O5, 0.5 ±0.1 mass% Al2O3 and a v-ratio of 2.7-2.8. The model lines were calculated using 
equation 5.1, Table 5.1, and increasing the TiO2 and FetO content.  
 
Increasing TiO2 concentration was found to cause a drop off in the predicted maximum LP 
measured, as shown in Figure 5.6. This effect may in part be explained by consideration of the 
effect of TiO2 on basicity. Lime equivalence is the basicity representation used in the modified 
Assis et al. LP model (equation 5.1), where the lime equivalence term is enclosed by square 
brackets. TiO2 was found to have significantly lower basicity than CaO, as shown by the 
respective coefficients of 0.087 and 1.0. The lower basicity caused by increasing TiO2 inhibits 
dephosphorisation by driving the reaction in equation 2.3 to the left, thereby decreasing the 
stability of the PO4
3− ion in the slag. The maximum LP was achieved at ~20 mass% FetO, in 
good agreement with the trends observed in the TiO2 free slags and previous studies [15-17, 
65], as discussed and explained in section 5.2.2.  
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5.2.4. The Effect of [Ti] on LP 
Increasing [Ti] concentration was found to decrease final FetO while increasing the final TiO2, 
as shown previously in Figure 4.4. The resulting increase in TiO2 and decrease in FetO was 
found to correspond with a decrease in the LP, as shown in Figure 5.7. This effect can be 
explained by consideration of the reduction of FeO to Fe by [Ti], given in equation 5.2. This 
reaction was found to be thermodynamically favourable (i.e. ΔG°<0) at the experimental 
temperature (1650°C) using equation 5.3 [12, 321-323].  
2(FeO) + [Ti] = 2Fe(l) + (TiO2)
  5.2 
ΔG°= -476638+130T (J·mol-1)  5.3 
 
Furthermore, equation 5.3 may be determined by using the thermodynamic data in Appendix 
1 for the oxidation of Fe and Ti and subsequent balancing of the equations. Consideration of 
the activity effect was not yet possible due to the limited availability of thermodynamic data 
for TiO2 in the CaO-SiO2-MgO-FetO system in the literature and in thermodynamic software 
packages (MTData/ FactSage). 
 
a) b)  
Figure 5.7: LP measured versus a) TiO2 from [Ti] b) FetO at 1650°C under Ar (R and [Ti] 
series). The model line was calculated via equation 2.6, Table 5.1, and increasing TiO2 input. 
 
The modified Assis et al. LP model in equation 5.1 was found to give a reasonable prediction 
of the result when the measured FetO and TiO2 were used. The decrease in LP may be attributed 
to the decrease in FetO (i.e. pO2), a decrease in basicity (i.e. increase in TiO2) or a combination 
of both.  
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5.3. Assessment of 𝐂𝐏𝐎𝟒𝟑−
 and pO2 for TiO2 free slags 
CPO43− can be used across the full steelmaking process route if a characteristic pO2 can be 
defined. Consequently,  CPO43− is often a more useful assessment of the dephosphorisation 
ability of a slag than LP, which is limited to the process or laboratory conditions under which 
it was measured. CPO43−, was given in equation 2.37 
CPO43− =
(%PO4
3−)
pP2
1/2
pO2
5/4
 
 
Refining CPO43−  with respect to [P] using equation 2.38 and 2.39 and assuming Henrian activity, 
equation 5.4 is obtained  
1
2
P2(g) = [P]        
ΔG°= –122173 + 19.25T  J·mol-1   
CPO43− =
(%PO4
3−)K[P]
[𝑃]fPpO2
5/4   
5.4 
where K[P] is the equilibrium constant for the reaction given in equation 2.38 
 
The phosphate ion PO4
3- may be converted to P using molecular masses, as shown in equation 
5.5 
(%PO4
3−) =
(P)MPO43−
MP
  5.5 
where Miis the molecular weight of species i 
 
substituting equation 5.5 into equation  5.4 gives CPO43− expressed using LP (equation 5.6) 
CPO43− =
(P)K[P]MPO4
3−
[𝑃]fPpO2
5/4
MP
 = 
LPK[P]MPO4
3−
fPpO2
5/4
MP
 5.6 
 
From equation 5.6 it can be seen the pO2 is required to calculate CPO43− from the experimental 
LP data. The pO2 for dephosphorisation may be represented by any reaction or balance of 
reactions that control delivery of oxygen for the reaction. In the BOS process, the pO2 for 
dephosphorisation is generally considered to be controlled by the balance between the 
decarburisation and FeO reactions (equations 2.23 and 2.27), as detailed in section 2.1.4. 
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Fe(l) +
1
2
O2(g) = (FeO)  
[C] + 
1
2
O2(g) = CO(g)  
 
In theory, the pO2 may be assessed by any reaction taking place. However, the limited 
availability of activity data and the effect of measurement error at low concentrations often 
limits the approaches able to give an accurate result. For example, the use of the oxidation 
reactions for [Si] and [Al] were found to be inaccurate due to the low equilibrium [Si] and [Al] 
content. Furthermore, the limited availability of data for TiO2 bearing slags in the CaO-SiO2-
MgO-FetO system prevents the use of common thermodynamic approaches. Subsequently, the 
approaches used to assess the pO2 and CPO43− of TiO2 bearing slags are analysed and discussed 
separately in section 5.4.  
 
The pO2 was calculated for the TiO2 free slags, given in Table 4.1, using thermodynamic 
software, phosphate capacity models, FetO activity data, and P2O5 activity data. The calculated 
pO2 from these approaches were assessed with experimental pO2 data from the six slags with 
Fe2+ and FetO analyses (used to calculated Fe
3+) and two CO/CO2 experiments. MTData was 
selected to determine the pO2 (assuming all FetO to be Fe
2+) for all the TiO2 free slags in this 
study since this approach was found to give the best representation of the experimental pO2 
data and was convenient to use, as discussed and explained in sections 5.3.1-5.3.6.  
 
5.3.1. Experimental pO2 Data  
The pO2 was determined experimentally using either slag Fe
2+ data measured by titration or 
CO/CO2 data from a controlled gas atmosphere. The pO2 was determined from the slag Fe
2+ 
and FetO analysis by consideration of the iron oxidation reaction and respective equilibrium 
constant, given in equations 5.7 - 5.8 
 2Fe(l)+3/2O2(g) = Fe2O3(l)  5.7 
K =
γ(Fe2O3)N(Fe2O3)
aFe
2 .pO2
3
2
  5.8 
 
Assuming aFe has a value of 1 and rearranging for pO2 
pO2 = (
γ(Fe2O3)N(Fe2O3)
K
)
2
3
  
5.9 
γ(Fe2O3) was obtained from the Basu et al. [324] relation given in equation 5.10  
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log(γ(Fe2O3)) =
7272
T
+ 1.69N(FeO) − 34.18N(Fe2O3) − 5.86  
5.10 
 
The slag FeO and Fe2O3 were determined from the slag Fe
2+ titration and FetO XRF analysis 
by assuming Fe2+ represents FeO and the remaining Fe is present as Fe2O3. The values of K for 
the reaction in equation 5.7 were obtained from the Gibbs free energy of reaction, given in 
equation 5.11 [322]   
ΔG° = -815000+ 251.1T  J·mol-1   5.11 
  
The pO2 was also determined from the gas CO/CO2 for the experiments where this ratio was 
controlled to a known value. This was evaluated by consideration of the CO oxidation reaction 
(equation 2.27) and rearranging the equilibrium constant (KCO) for pO2, as shown in equation 
5.12. 
 CO(g)+1/2O2(g) = CO2(g)   
pO2 = (
pCO2
K𝐶𝑂×pCO
)
2
  
5.12 
 
where KCO was obtained from the Gibbs free energy of reaction, given in equation 2.28 
ΔG° = -279700+ 84.96T  J·mol-1    
 
5.3.2. pO2 Calculated by Thermodynamic Software 
Thermodynamic software packages like FactSage [325] and MTData [309] are convenient 
tools for calculating complex multi-component phase equilibria in gas-liquid-solid systems. 
FactSage 7.0 (FactPS, FToxid, and FSstel databases) and MTData (sgsol and custom 
University of Wollongong oxide databases) were used to calculate the pO2 for eight 
experiments with pO2 data (section 5.3.1), as shown in Figure 5.8. The calculation was repeated 
assuming all the FetO to be present as Fe
3+ (i.e. FeO converted to Fe2O3 and the slag 
composition normalised to 100%). Although the Fe2+/Fe3+ split is known for the data used in 
this assessment the starting slag composition was assumed to be 100% Fe2+ or 100% Fe3+. This 
assumption was made to determine the optimum approach as the Fe2+/ Fe3+ split is unknown 
for most of the experimental data. 
 
86 
 
a) b)  
Figure 5.8: log(pO2) measured via Fe
2+analysis or CO/CO2 ratio versus log(pO2) calculated 
by a) FactSage 7.0 b) MTData. The 1 to 1 line is shown for comparison.  
 
Findings: 
▪ MTData Fe2+ - closely fitted the experimental pO2 data. 
▪ MTData Fe3+ - had high error (~0.3) above -9.0 log(pO2). 
▪ FactSage Fe2+ and Fe3+ had high error (0.3-0.5) below -9.0 log(pO2) 
 
MTData assuming 100% Fe2+ was found to best represent the experimental pO2 data as most 
of the data falls on or close to the one to one line. Hence, this approach was used for the TiO2 
free slags. MTData assuming 100% Fe3+ was found to have an error of ~ 0.3 orders of 
magnitude at log(pO2)>-9. The FactSage pO2 results were found to be skewed relative to the 
one to one line resulting in an error of ~0.4 orders of magnitude at lower pO2 values (i.e. 
log(pO2) <-9). 
 
5.3.3. pO2 Calculated by 𝐂𝐏𝐎𝟒𝟑−
 Models and the Measured LP 
The pO2 may be calculated if the CPO43− and LP are known by re-arranging equation 5.6 for pO2, 
to give equation 5.13. 
pO2 = (
LPK[P]MPO43−
CPO43−fPMP
)
4/5
 
5.13 
 
The CPO43− was calculated for the eight experiments with known pO2 data (section 5.3.1) using 
published models by Suito et al. [34], Young [78], and Bergman et al. [74, 326] given in 
equations 5.14 to 5.16, respectively.  
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The calculation was carried out assuming all the FetO to be present as Fe
2+ and then repeated 
assuming all Fe3+ (i.e. FeO converted to Fe2O3 and the slag composition normalised to 100%). 
The calculated CPO43− was used to determine the pO2 shown in Figure 5.9. 
 
logCPO43− = 17.55Λ + 
29990
T
 – 23.737  5.14 
logCPO43− = -16.314 + 35.84Λ - 22.35Λ
2 + 
22930Λ
T
 - 0.06257(FeO) -
0.04256(MnO)+0.359(P2O5)
0.3+ 
21680
T
 
5.15 
logCPO43− = 21.55Λ + 
54592
T
 - 26.03  5.16 
 
The optical basicity (Λ) used in each of the CPO43− models are defined in equation 2.12 
Λ = XiΛi + XjΛj +⋯  
 
The Λi values used in each of these models are different as the recommend values have changed 
with time, as shown in Table 5.3. Hence, the corresponding Λ values used in the original study 
were used in these pO2 calculations.   
 
Table 5.3: Optical basicity (Λi ) values used by various authors 
Source CaO MnO FeO MgO Fe2O3 Al2O3 TiO2 SiO2 P2O5 
Suito et al.  1 0.59 0.51 0.78 0.69 0.59 0.65 0.48 0.4 
Young et al. 1 0.87 0.82 0.78 0.66 0.60 0.65 0.48 0.4 
Bergman et al. 1 0.59 0.51 0.78 0.48 0.61 0.55 0.48 0.4 
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a) b)  
Figure 5.9: log(pO2) measured via Fe
2+analysis or CO/CO2 ratio versus log(pO2) calculated 
by CPO43− models assuming a) Fe
3+ b) Fe2+. The 1 to 1 line is shown for comparison.  
 
Findings: 
▪ When Fe3+ was assumed, all models had a higher error (>0.2 log(pO2)). 
▪ Young et al. Fe2+- ~0.7 orders of magnitude higher than measured for all data. 
▪ Bergman et al. Fe2+- had a high error (~0.2) below -9.5 log(pO2). 
▪ Suito et al. Fe2+- had a high error (~0.2) below -9.5 log(pO2) 
 
In general, all the CPO43− model approaches gave a poor fit, particularly when FetO was assumed 
to be 100% Fe3+. Hence, this approach was not used for any further analysis.   
 
5.3.4. pO2 Calculated by 𝐚(𝐅𝐞𝐭𝐎) Data 
The total iron oxides may be used to determine the pO2 from the iron oxidation reaction and 
respective equilibrium constant (equations 5.17 - 5.18), by assuming all Fe is present as FeO. 
Fe(l)+1/2O2(g) = FeO(l)  5.17 
K =
γ(FeO)N(FeO)
aFe.pO2
1
2
  5.18 
 
Assuming aFe has a value of 1 and rearranging for pO2 
pO2 = (
γ(FeO)N(FeO)
K
)
2
  
5.19 
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The values of K for the reaction (equation 5.17) were obtained from the Gibbs free energy of 
reaction, given in equation 5.20 [322]   
ΔG° = -256061+53.68T  J·mol-1   5.20 
 
The pO2 data in Figure 5.10 were calculated using a(FetO) data (i.e. γ(FeO)X(FeO)) from: 
▪ Timucin and Morris [46, 327] 
▪ Chipman and Taylor [46, 328] 
▪ Turkdogan [60] 
▪ Basu et al.[329] γ(FetO) relation (given in equation 5.21) 
log( γ(FetO)) =
1262
T
 - 1.1302N(FeO) +0.96N(SiO2)+0.123N(CaO) -0.4198 
5.21 
 
 
Figure 5.10: log(pO2) measured via Fe
2+analysis or CO/CO2 ratio versus log(pO2) calculated 
by FetO activity data. The 1 to 1 line is shown for comparison.  
 
Findings: 
▪ The data from the Timucin and Morris [46, 327], Chipman and Taylor [46, 328], and 
Basu et al. [329] approaches were found to have a lower gradient than the measured 
pO2 data. Therefore, these approaches generally have a high error when the pO2 is either 
side of logpO2 ~9.0. 
▪ The data from Turkdogan [60] typically resulted in an error of 0.2 orders of magnitude 
across the pO2 range tested.  
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From Figure 5.10 the pO2 values calculated from the a(Fe𝑡𝑂) of Timucin and Morris [46, 327], 
Chipman and Taylor [46, 328], and Basu et al. [329] was all skewed relative to the one to one 
line. The a(Fe𝑡𝑂) data from Turkdogan [60] was found to generally underestimate the measured  
pO2 by 0.2 orders of magnitude but had a similar gradient as the one to one line. The error 
observed in the calculated data using the a(FetO) of Timucin and Morris [46, 327], Chipman 
and Taylor [46, 328], and Turkdogan [60] may in part be due to the limitations of extracting 
this data from graphics. Hence, these approaches were not used for any further analysis.   
 
5.3.5. pO2 Calculated by 𝐚(𝐏𝟐𝐎𝟓) Data 
The pO2 may be calculated from the P2O5 content using the phosphorus oxidation reaction and 
respective equilibrium constant, given in equations 5.22 - 5.23, 
P2(g)+5/2O2(g) = (P2O5)  5.22 
K =
γ(P2O5)N(P2O5)
pP2 .pO2
5
2
  5.23 
and rearranging for pO2 
pO2 = (
γ(P2O5)N(P2O5)
pP2 .K
)
2
5
  
5.24 
 
The values for K for the reaction (equation 5.17) were obtained from the Gibbs free energy of 
reaction, given in equation 5.25 [14]   
ΔG° = -1655480+571.01T  J·mol-1   5.25 
 
γ(P2O5) was calculated using the Basu et al. relation [49] given in equation 5.26. The pO2 
calculated from these data is given in Figure 5.11.  
log( γ(P2O5)) = -8.172X(Ca2+)-7.169X(Fe2+)-1.323X(Mg2+) +1.858X(SiO44−)  
+ 
340
T
 - 11.66 
5.26 
 
where the Xi terms represent the ionic fractions of the respective species. 
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Figure 5.11: log(pO2) measured via Fe
2+analysis or CO/CO2 ratio versus log(pO2) calculated 
using a(P2O5) data. The 1 to 1 correspondence line is shown for comparison.  
 
Findings: 
▪ The calculated pO2 data determined by the Basu et al. γ(P2O5) model [49] assuming all 
FetO to be Fe
2+ in Figure 5.11 was found to closely predict the measured pO2 values 
and follow the same slope as the one to one line.  
While this approach was found to closely predict the measured pO2 it was not used for any 
further analysis. 
 
5.3.6. Assessment of Approaches for Calculating pO2 
Generally, the approaches used to calculate the pO2 results in sections 5.3.2 to 5.3.5 were found 
to give results within ~0.5 an order of magnitude of the measured results. However, many of 
the approaches predicted a different slope to the equivalence line on a plot of calculated versus 
measured results, resulting in a poor fit. In all the approaches tested the calculated values 
assuming 100% Fe2+ had a better fit to the measured pO2 data than calculated values assuming 
100% Fe3+. Therefore, an assumption of 100% Fe2+ is recommended when the Fe2+/Fe3+ split 
is unknown. Only two approaches were found to be within 0.1 order of magnitude and follow 
the same slope as the measured pO2 data, these approaches were: 
▪ pO2 calculated by the MTData thermodynamic software assuming all FetO to be Fe2+. 
▪ pO2 calculated by the a(P2O5) data determined by the Basu et al. γ(P2O5) model [49] 
assuming all FetO to be Fe
2+
. 
Subsequently, the MTData assuming all FetO to be Fe
2+ approach was used to determine the 
pO2 for all the TiO2 free slags in this study due to the high fit and convenience of use. 
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5.4. Assessment of 𝐂𝐏𝐎𝟒𝟑−
 for TiO2 Bearing Slags 
In this study, the CPO43− data for the TiO2 bearing slags were primarily determined using the 
experimental slag composition and an empirical CPO43− model developed in this study. This 
approach was used due to the limited availability of thermodynamic data for TiO2 in the CaO-
SiO2-MgO-FetO system. Consequently, the pO2 required for the CPO43− calculation (equation 
5.6) was not readily determined via thermodynamic calculation.  
 
The pO2 is commonly determined experimentally via Fe
2+/Fe3+ speciation as carried out for the 
TiO2 free slags. However, the Fe
2+/Fe3+ speciation titration method is adversely affected by the 
presence of other multivalence oxides, limiting its use for slags containing both FetO and TiOx. 
Although the pO2 was known in the CO/CO2 experiments, it was not practical to conduct all 
the experiments under these conditions. The primary constraint was the safety requirement for 
two people to monitor experiments using CO continuously for the full 10 hours. The inability 
to use both experimental methods for pO2 determination necessitated another method to 
determine CPO43−. In this study, an empirical CPO43− model was developed for use with the TiO2 
bearing slags.  
 
The empirical CPO43− model was developed using compiled equilibrium CPO43− data for the CaO-
SiO2-MgO-FetO-MnO-Al2O3-TiO2-P2O5 system from reviewed and recent data sources [3, 4, 
10-12, 16, 34, 37, 39, 53-55, 77, 78, 290, 292, 310-320, 330-344]. These data include the TiO2 
bearing slags of Selin [3, 4] but exclude the experimental data from this study. 
 
The reported (P), [P] and [O] or, when reported, the pO2 were used to determine the CPO43− 
using equation 5.6,  
CPO43− =
(P)K[P]MPO43−
[P]fPpO2
5/4
MP
  
 
where K[P] was determined using the ΔG° relation in equation 2.38 and ideal Henrian behaviour 
was assumed for [P] (i.e.  fP = 1). The pO2 was determined from the reported [O] using the 
methodology detailed by Ishii and Fruehan [312]. In this approach the pO2 was determined by 
rearranging the equilibrium constant for the FeO formation reaction, given in equation 5.27, to 
give equation 5.28 
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Fe(l) + ½ O2(g) = FeO(l)  5.27 
pO2 = (
aFeO
K(FeO)
)
2
 
5.28 
 
where K(FeO) is determined using the ΔG° relation in equation 5.29 [322], 
ΔG°= -234620+46.90T (J·mol-1) 5.29 
 
and aFeO is determined via equations 5.30 - 5.33, derived by Taylor and Chipman using oxygen 
dissolved in iron [O%] data and the dilute (Henrian) solution model [328].  
aFeO =
fO[%O]
fOsat.[%O]sat.
 
5.30 
logfO = (-1750/T + 0.76)[%O] + 0.006[%P]  5.31 
logfOsat. = (-1750/T + 0.76)[%O]sat.  5.32 
log[%O]sat. = 6320/T + 2.734  5.33 
 
where the subscript, sat., refers to saturation in iron. 
 
Accordingly, a database of 1382 laboratory measurements of CPO43− was produced. The slag 
systems and composition ranges of slags covered in this database are detailed in Table 5.4 and 
Table 5.5. 
 
Table 5.4: Slag systems covered in CPO43− database.  
No. Studies Slag System References 
7 CaO-MgO-P2O5-SiO2-FetO 
[34, 37, 38, 53, 54, 317, 
339] 
2 CaO-MgO-P2O5-SiO2-FetO-MnO-Al2O3 [331, 333] 
3 CaO-MgO-P2O5-SiO2-FetO-Al2O3 [310-312] 
1 CaO-P2O5-FetO-Al2O3 [313] 
1 CaO-P2O5-SiO2-FetO-Al2O3 [55] 
1 CaO-P2O5-SiO2-FetO [314] 
2 CaO-P2O5-SiO2-FetO-MnO [315, 318, 319] 
1 MgO-P2O5-SiO2-FetO-MnO [316] 
3 CaO-MgO-P2O5-SiO2-FetO-MnO-Al2O3-TiO2 [10, 11, 77] 
1 CaO-MgO-P2O5-FetO [335, 337] 
1 CaO-MgO-P2O5-SiO2-FetO-MnO-Al2O3-TiO2-V2O5 [3, 4, 9, 287, 288] 
1 CaO-MgO-P2O5-SiO2-FetO-MnO [342] 
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Table 5.5: The maximum, minimum, mean and standard deviation for temperature, Slag 
composition, [P], pO2 and CPO43− over the 1382 results in the CPO43− database.  
Variable Mean Standard Deviation Min.  Max.  
Temp 1608 38 1530 1700 
CaO 40.6 16.6 0.00 62.9 
MgO 6.06 7.8 0.00 40.4 
P2O5 11.87 13.1 0.00 49.0 
SiO2 9.02 10.8 0.00 42.6 
FetO 28.30 19.1 0.1 91.8 
MnO 1.53 6.4 0.00 70.1 
Al2O3 2.40 7.3 0.00 44.6 
TiO2 0.08 0.7 0.00 12.6 
V2O5 0.06 0.7 0.00 12.7 
[P] 0.170 0.450 0.00 2.950 
LP 248 301 0 2290 
log(pO2) -9.09 0.53 -11.81 -8.01 
log(CPO43−) 18.09 1.09 14.37 20.20 
 
The CPO43− database was used to develop the empirical CPO43− model, given in equation 5.34, 
using the least squares method (R2 =0.89). The empirical model was found to give a reasonable 
prediction of phosphate capacity for TiO2 bearing slags as shown by Selin's data in Figure 5.12. 
 
log(CPO43−) = 
46141
T
 + 0.020(CaO) -0.010(MgO)-0.077(P2O5) -0.102(SiO2) 
-0.059(FetO) -0.040(MnO)-0.084(Al2O3)-0.079(TiO2)-0.080(V2O5) -3.475 
5.34 
  
Figure 5.12: Measured log(CPO43−) versus log(CPO43−) calculated from the empirical model 
(equation 5.34) for published experimental data [3, 4, 10-12, 16, 34, 37, 39, 53-55, 77, 78, 290, 
292, 310-320, 330-344]. 
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5.4.1. Testing and Validation of the Empirical 𝐂𝐏𝐎𝟒𝟑−
 Model 
The empirical CPO43− model (equation 5.34) was validated using the CPO43− data from this study 
(see section 5.3), as shown in Figure 5.13.  The CPO43− data from this study were excluded from 
the development of the CPO43− model to allow independent validation. The CPO43− model was 
found to have a good fit (R2 = 0.93) to the experimental CPO43− data validating its use for 
determining the CPO43− for the experimental TiO2 bearing slags.  
 
Figure 5.13: Measured log(CPO43−) versus log(CPO43−) calculated from the empirical model 
(equation 5.34) for all TiO2 free experimental data (R, B, T, and G series). 
 
Further validation of the CPO43− model was conducted using the TiO2 free CPO43− data to confirm 
that the calculated CPO43− data predicts the observed trend with temperature, as shown in Figure 
5.14. The CPO43− model results shown in Figure 5.14 were calculated using the measured FetO 
and temperature, while all other inputs are defined in Table 5.1. The decrease in log(CPO43−) 
with temperature observed in Figure 5.14, was closely predicted by the CPO43− model. Hence, 
the  CPO43− model was validated across the experimental temperature range used in this study. 
The decreasing trend with temperature has been explained previously in section 5.2.1. 
 
Figure 5.14: log(CPO43−) versus temperature under an Ar atmosphere (R and T series data). 
The dashed line was calculated using the CPO43− model in equation 5.34 and Table 5.1. 
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5.5. Evaluation of 𝐂𝐏𝐎𝟒𝟑−
Data 
The effect of basicity, TiO2, [Ti], and P2O7
4- dimer formation on CPO43− are discussed in sections 
5.5.1 - 5.5.4. These variables cover the key drivers controlling dephosphorisation and the 
variables of interest in this study, as explained in section 5.2. However, the effect of 
temperature was excluded as this has been explained in detail previously in section 5.2.1 and 
5.4.1. The effect of pO2 is incorporated in this analysis in the calculation of CPO43− (equation 
5.6). 
 
A detailed analysis of the CPO43− data using common basicity approaches that incorporate the 
effect of TiO2 (NBO/T and Λ) is required to enable comparisons between TiO2 free and TiO2 
bearing slags. Industrial steelmakers commonly use the v-ratio approach for basicity. Therefore 
v-ratio was also included to demonstrate the effect of TiO2. Further assessment of the TiO2 and 
[Ti] data was conducted separately to discern the effect on CPO43− independently of changes in 
basicity caused by variations in v-ratio and FetO. Finally, the possibility of P2O7
4- dimer 
formation was discussed. In each of these sections the CPO43− data from this study were 
compared with published data from Selin [3, 4], Suito et al. [34, 54], and Assis et al. [1, 2]. 
 
5.5.1. The Effect of Basicity on 𝐂𝐏𝐎𝟒𝟑−
 
The effect of basicity on CPO43− was assessed via the v-ratio, NBO/T, and Λ approaches 
(equations 2.11, 2.13, and 2.12), respectively. Although this is not an exhaustive list, these 
common basicity approaches are adequate for assessing the effect of basicity (i.e. slag 
structure) changes on CPO43−. 
 
v-ratio = 
(%CaO)
(%SiO2)
 
 
NBO
T
 = 
∑2(NCaO+NMgO+NFeO+NMnO)+6(1−f)NFe2O3  − 2NAl2O3+f2NFe2O3
∑NSiO2+2NAl2O3+f2NFe2O3+NTiO2+2NP2O5
    
 
Λ = XiΛi + XjΛj +⋯ 
 
where f is approximately 1 in steelmaking slags [98]. 
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The NBO/T and Λ calculations assume all the titanium oxides to be present as TiO2. This 
assumption is based on the high pO2 and basicity in BOS slags favouring the formation of TiO2 
(i.e. Ti4+) [99-101, 345]. The presence of TiO1.5 (i.e. Ti
3+) in some steelmaking slags [346] may 
be due to the high temperatures favouring the reaction in equation 2.34 and the respective ΔG° 
in equation 5.35. 
TiO2(S) = TiO1.5(S) +
1
4
O2(g)   
ΔG°= 189954 -48.5T (J·mol-1) 5.35 
 
The Fe2+/Fe3+ ratio (mole/ mole) was assumed to be 4.0 in the Λ calculation for the TiO2 
bearing slags. This assumption is based on the average measured ratio in the R series data, i.e. 
the base slag to which the TiO2 was added. 
 
The effect of v-ratio on 𝐂𝐏𝐎𝟒𝟑−
 
The effect of v-ratio on CPO43− at 1650°C in the TiO2 free slags from this study is shown in 
Figure 5.15a), and all data in Figure 5.15b). The CPO43− model (equation 5.34) was used as a 
convenient tool to compare the experimental data to the 23 studies used to develop the model 
(see section 5.4). The fixed inputs into the CPO43−  model are defined in Table 5.6. The v-ratio, 
FetO and TiO2 content were variable inputs and are defined on each figure where the CPO43− 
model is shown. 
 
a)  b)  
Figure 5.15: log(CPO43−) versus v-ratio a) TiO2-free slags by FetO range b) TiO2 free and TiO2 
bearing slags (average ~9 mass% TiO2) for data from this study. The CPO43− model lines were 
calculated using equation 5.34 and Table 5.6. 
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Table 5.6: CPO43− model inputs.  
Input Units This study Selin Suitor et al. Assis et al. 
Temperature °C 1650 1600 1600 1600 
MgO mass% 10.5 12.0 13.5 5.7 
Al2O3 mass% 0.5 0.0 0.0 0.0 
P2O5 mass% 3.2 1.0 1.5 2.2 
TiO2 mass% -  - 0.0 0.0 
MnO mass% 1.0 0.2 0.0 0.0 
 
The log(CPO43−) was found to increase with v-ratio in both the TiO2 free and TiO2 bearing slags, 
as expected due to the increase in basicity stabilising the PO4
3−, discussed and explained 
previously in section 5.2.2.  
 
The slags with higher FetO contents were found to have a lower CPO43− than slags with the same 
v-ratio and lower FetO content. A similar trend was also observed with changes in TiO2 content. 
This observation may be explained by the dilution effect whereby the higher FetO or TiO2 
content dilutes the basic components of the slag (i.e. CaO). The dilution effect causes the 
smaller slope with log(CPO43−) for the higher FetO or TiO2 slags seen in Figure 5.15. The CPO43− 
model was found to closely predict the observed trends in the experimental data from this study. 
Hence, the experimental CPO43− was found to be in reasonable agreement with the data from the 
23 studies used in the development of the CPO43− model (see section 5.4).  
 
The CPO43− data in Figure 5.15 may also be compared with data from Selin [3, 4], Suito et al. 
[34, 54], and Assis et al. [1, 2], as shown in Figure 5.16 and Figure 5.17. The  CPO43− data 
presented were calculated from the experimental data in each study using the methodology 
detailed in section 5.4. The CPO43− data of Assis et al. [2, 297] were determined using the 
MTData methodology detailed in section 5.3.2. The data in Figure 5.16 and Figure 5.17 were 
found to have similar trends with v-ratio, FetO and TiO2 when compared with the CPO43− data 
from this study, although these studies were conducted at a lower temperature (1600°C). 
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a)  b)  
Figure 5.16: log(CPO43−) versus v-ratio a) TiO2 free slags by FetO range b) TiO2 free and TiO2 
bearing slags for Selin’s data [3, 4]. The CPO43− model lines were calculated using equation 5.34 
and Table 5.6. 
 
a)  b)  
Figure 5.17: log(CPO43−) versus v-ratio by FetO range a) Suito et al. data [34, 54] b) Assis et 
al. data [2, 297]. The CPO43− model lines were calculated using equation 5.34 and Table 5.6. 
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The effect of NBO/T on 𝐂𝐏𝐎𝟒𝟑−
 
NBO/T accounts for the effect of the non-bridging oxygen and tetrahedrally-coordinated 
oxygen atoms for all oxides. Consequently, the dilution effect with FetO and TiO2 observed in 
the v-ratio approach to basicity is partly mitigated. The logCPO43− was found to increase with 
NBO/T at 1650°C, as shown in Figure 5.18. The TiO2 bearing slags from this study were found 
to be in good agreement with the overall trend. The scatter was primarily attributed to variations 
in FetO, as shown by constraining FetO in Figure 5.18b).  
a)  b)  
Figure 5.18: log(CPO43−) versus NBO/T at 1650°C a) FetO<40 mass%, b) 10-20 mass% FetO 
for the data (also included in a) from this study and Suito et al. [34, 54]. 
 
Similar trends to those observed at 1650°C in Figure 5.18, were found at 1600°C,  as shown in 
Figure 5.19. The TiO2 bearing slags of Selin [3, 4] were found to be in good agreement with 
the overall trend. The scatter was also found to be partly dependant on the FetO range (Figure 
5.19b). The larger gradient observed may in part be explained by the temperature effect (see 
section 5.2.1) where a higher CPO43− is expected at a lower temperature.  
a)  b)  
Figure 5.19: log(CPO43−) versus NBO/T at 1600°C a) FetO<40 mass%, b) 20-30 mass% FetO 
for the data of Suito et al. [34, 54], Assis et al. [2, 297], and Selin [3, 4]. 
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The effect of Λ on 𝐂𝐏𝐎𝟒𝟑−
 
The Λ has been used as a measure of basicity since it can differentiate between the effect of 
each cation on the silicate structure [73, 98]. The ability to account for the degree of network 
breaking caused by each cation is the likely reason for the lower scatter observed with Λ (Figure 
5.20), compared to NBO/T (Figure 5.18). log(CPO43−) was found to increase with Λ at 1650°C 
for the data from this study and Suito et al. [34, 54]. The TiO2 bearing slags were found to 
follow the same trend as the TiO2 free slags. The scatter was found to decrease when the FetO 
range was constrained in Figure 5.20b). However, the effect of FetO on the scatter was less 
pronounced than observed with NBO/T.  
a) b)  
Figure 5.20: log(CPO43−) versus Λ at 1650°C a) FetO<40 mass%, b) 10-20 mass% FetO for the 
data from this study and Suito et al. [34, 54] (also included in a). 
 
Similar trends to those observed at 1650°C in Figure 5.20, were found at 1600°C,  as shown in 
Figure 5.21. Given the focus of this study, the good agreement of the TiO2 bearing slags of 
Selin [3, 4] with the overall trend is of importance as it allows the effect of TiO2 to be attributed 
primarily to the change in slag basicity. 
a)  b)  
Figure 5.21: log(CPO43−) versus Λ at 1600°C a) FetO<40 mass%, b) 20-30 mass% FetO for the 
data of Suito et al. [34, 54], Assis et al. [2, 297], and Selin [3, 4] (also in a). 
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Assessment of the effect of basicity on 𝐂𝐏𝐎𝟒𝟑−
 
The CPO43− was found to increase with all three representations of basicity, as expected from 
the dephosphorisation reaction (equation 2.3), explained previously in section 5.2.2. The Λ was 
found to give the best representation of basicity observed as lower scatter in Figure 5.20. The 
high fit of Λ was attributed to the ability to differentiate between the effect of each cation on 
the silicate structure [73, 98]. The TiO2 bearing slags were found to be in good agreement with 
the trends observed in the TiO2 free slags with NBO/T and Λ. These findings were also 
observed in the published data from Selin [3, 4], Suito et al. [34, 54], and Assis et al. [1, 2].  
 
5.5.2. The Effect of TiO2 on 𝐂𝐏𝐎𝟒𝟑−
 
CPO43− data for TiO2 bearing slags were assessed separately in this section to discern the effect 
on CPO43− independently of changes in basicity caused by variations in v-ratio and FetO. CPO43− 
was found to decrease with increasing TiO2, as shown in Figure 5.22a). An increase in TiO2 
gave a decrease in basicity (NBO/T and Λ), as shown in Figure 5.22b). Hence the decrease in 
CPO43− may be explained by the decrease in basicity, as explained previously in sections 5.2.2 
and 5.5.1. 
a)  b)  
Figure 5.22: TiO2 versus a) logCPO43− b) NBO/T and Λ at 1650°C for all data from this study. 
The CPO43− model lines were calculated using equation 5.34 and Table 5.6. 
 
The observations for TiO2 bearing slag in this study may be compared to Selin’s [3, 4]  TiO2 
bearing slags, constrained to a v-ratio ~1.7 (1.4-1.9) to ensure any change in basicity (NBO/T 
and Λ) due to TiO2 is greater than the effect of any change in v-ratio. Selin’s CPO43− data [3, 4] 
were also found to decrease with TiO2 corresponding with a decrease in basicity (NBO/T and 
Λ), as shown in Figure 5.23. Again the CPO43− data from this study are in good agreement with 
Selin’s data. 
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a) b)  
Figure 5.23: TiO2 versus a) CPO43− b) NBO/T and Λ at 1600°C for Selin’s data [3, 4]. The 
CPO43− model lines were calculated using equation 5.34 and Table 5.6. 
 
5.5.3. The Effect of [Ti] on 𝐂𝐏𝐎𝟒𝟑−
 
CPO43− data for the [Ti] series was assessed separately in this section to discern the effect on 
CPO43− independently of changes in basicity caused by variations in v-ratio, FetO and TiO2 
additions to the slag. Increasing [Ti] was found to decrease the LP and FetO while increasing 
the final TiO2, as discussed and explained previously in section 5.2.4. These changes in TiO2 
and FetO were found to have minimal effect on the CPO43−, as shown in Figure 5.24a). This may 
be explained by the effectively constant basicity (NBO/T or Λ) observed in Figure 5.24b). This 
observation suggests the decrease in LP with increasing [Ti] is primarily due to the decrease in 
FetO (see section 5.2.4). 
 
a)  b)  
Figure 5.24: TiO2 versus a) CPO43− b) NBO/T and Λ at 1650°C for R and [Ti] series data. The 
CPO43− model lines were calculated using equation 5.34 and Table 5.6. 
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5.5.4. The Effect of P2O74- Dimer Formation 
Depending on the (P) concentration there is the possibility of forming both a PO4
3- monomer 
and a P2O7
4- dimer ion in the slag. The formation of the phosphorus dimer in place of the 
monomer has a significant effect on the phosphate capacities of slags [3, 4, 123, 347]. The 
tendency for dimer formation increases with (P) concentration, as shown in equation 5.36 [3, 
4] and Figure 5.25.  
(%PD) = 1.28 + (%P)-1.6√0.64 + (%P) 5.36 
 
where (%PD) is the portion of phosphorus as P2O7
4-
, (%P) is the total phosphorus content of the 
slag, (%PM) is the portion of phosphorus as PO4
3-. 
 
Figure 5.25: (P2O7
4-) versus (P2O5) in mass% calculated using equation 5.36 [3, 4]. 
 
Selin [3, 4] derived this model from the equilibrium constants for the formation of the P2O7
4- 
dimer and PO4
3- monomer and the PO4
3- /√(P2O7
4−)  ratio was fitted to experimental data [3, 
4] to obtain the constant 1.6. While this model is useful for demonstrating the effect of P on 
P2O7
4-
, it is limited to the low basicity (v-ratio 1-1.4) slags for which it was developed. In the 
higher basicity slags used in this study (v-ratio 1.8-5.6) the PO4
3- /√(P2O7
4−)  ratio is likely to 
be higher due to the reaction shown in equation 5.37. 
(P2O7
4-) + (O2-) = 2(PO4
3-)  5.37 
 
For the higher basicities used in this study (v-ratio 1.8-5.6), the P2O7
4- dimer content is likely 
lower than the predicted 1.6 mass% of the slag by equation 5.36 (assuming the highest 
experimental P2O5 content of 4.6 mass%). Regardless, the PO4
3- monomer is the predominant 
phosphorus oxide ion [3, 4, 123, 347] for the slags used in this study. 
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5.6. The Effect of TiO2 and [Ti] on pO2 
The pO2 is one key variable driving dephosphorisation (see section 5.2). Hence, the effect of 
TiO2 and [Ti] on the pO2 is discussed in this section.  
 
5.6.1. The Effect of TiO2 on pO2  
Selin [3, 4] reported a pronounced decrease in the pO2 with increasing TiO2 based on the C, D, 
and E series of his data with fixed CaO and FeO contents (Table 5.7). The C and E series data 
from Selin [3, 4] are shown in Figure 5.26. Although the pO2 data were observed to decrease 
with increasing TiO2, the decrease is relatively minor at ~ 0.1 orders of magnitude with an 
increase of 10 mass% TiO2. 
 
Table 5.7: Selin’s C, D, and E series CaO and FetO content [3, 4].  
Series CaO FetO 
C 34.8 19.6 
D 41.1 10.3 
E 38.1 22.2 
  
 
Figure 5.26: log(pO2) versus TiO2 for Selin’s C and E series data [3, 4]. 
 
Selin attributed the decrease in pO2 to a decrease in the γ(FeO). A number of studies have also 
reported a decrease in γ(FeO) with decreasing SiO2 concentration [24, 348, 349]. Since Selin’s 
approach was to replace SiO2 with TiO2, this may explain the reported decrease in pO2 with 
TiO2. In contrast, the pO2 was observed to have a minor increase with TiO2 content in this 
study for data with a constant v-ratio of 2.7±0.2, and a FetO range of 17.2-20.9 mass%, as 
shown in Figure 5.27. This observation may in part be explained by the reaction in equation 
2.34, where increasing TiO2 shifts the reaction to the right thereby increasing the pO2.  
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TiO2(S) = TiO1.5(S) +
1
4
O2(g)  
 
  
Figure 5.27: log(pO2) versus TiO2. 
 
5.6.2. The Effect of [Ti] on pO2 
In the [Ti] series experiments TiO2 was found to increase with [Ti] while the FetO decreased, 
as explained previously in section 5.2.4. Given TiO2 additions to the slag were found to have 
no measurable effect on pO2 (see Figure 5.27) any change in pO2 in the [Ti] series experiments 
may be attributed to the change in FetO, as shown in Figure 5.28. Hence, the decrease in FetO, 
caused by increasing initial [Ti] (section 5.2.4), was found to decrease the pO2. This 
observation explains the decrease in LP discussed in section 5.2.4. 
    
Figure 5.28: log(pO2) versus FetO for R and [Ti] series data. 
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6. Kinetics of Phosphorus Removal in Basic and TiO2 Bearing Slags 
 
The primary aim of this study is to elucidate the effect of TiO2 and [Ti] on the kinetics of 
dephosphorisation in basic oxygen steelmaking. The effect of TiO2 on dephosphorisation using 
the thermodynamic data established for TiO2 in Chapter 5 and the kinetic data obtained from 
the droplet experiments is discussed in this chapter. The analysis presented here expands on 
the work conducted by Gu et al. [13, 149, 171, 350-355] to high basicity and TiO2 bearing 
slags. 
 
It is well established in the literature (see section 2.2) that dephosphorisation is kinetically 
limited by mass transfer of phosphorus in the slag or the metal or in both phases [13, 108, 110, 
138, 148-150, 171, 350-355]. The mass transfer coefficients for P in the slag (ks), metal (km), 
and the overall mass transfer coefficient (ko) were determined and used to discuss the effect of 
TiO2 on droplet bloating, decarburisation and dephosphorisation in sections 6.2 – 6.4. A 
summary of the findings is given in section 6.1.  
 
6.1. Summary 
▪ The kFeO (assumed to approximate ks), km, and ko were determined from experimental data 
in this study using common approaches established in the literature. 
▪ The calculated kFeO for the base slag (i.e. 0 mass% TiO2) was found to be comparable to 
the 25mass% (FetO) slag of Li and Barati [356] under the same conditions (temperature, 
slag viscosity, and decarburisation rate). 
▪ The kFeO was found to be higher in the TiO2 bearing slags after accounting for the effect 
of changes in slag viscosity, gas velocity, and gas bubble diameter. 
▪ It is speculated that the higher kFeO in the TiO2 bearing slags is attributed to the presence 
of the Ti3+/Ti4+ pair increasing the mobility of oxygen in the slag. 
▪ The initial km values (t<1s) in all slags tested were significantly higher (up to 30 times) 
than the secondary km values (t>1s). This is attributed to the higher initial decarburisation 
rate improving surface renewal of the droplet. 
o The very fast rate of dephosphorisation observed meant that initial data (t < 1s) were 
not able to be obtained with the experimental setup. This is a limitation of the approach 
used. The most conservative estimate of km in the initial stage of the reaction was 
made from the data available.  
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o The initial km values (t<1s) were found to decrease with TiO2 content. This was 
attributed to larger volume of CO bubbles formed at the higher decarburisation rates 
inhibiting transport pathways in the metal droplets. 
o The decarburisation rate was found to decrease with TiO2 content after ~ 20 seconds. 
This is due, most likely, to a lower driving force following the higher initial rates of 
reaction.  
o The secondary km values (t>1s) were found to increase with TiO2 content. This may 
be explained, in part, by lower secondary decarburisation rates (see the previous point) 
decreasing the size of CO bubbles thereby increasing the transport pathways in the 
metal droplet.  
▪ The initial ko (t<1s) was found to be higher than the secondary ko (1<t≤20s). This was 
attributed to the lower decarburisation rates observed after 1 second and the subsequent 
decrease in the surface renewal of the droplet. 
▪ All the ko data (both initial and secondary) increased with increasing TiO2 content. This 
may be attributed to the presence of the Ti3+/Ti4+ pair improving the mobility of oxygen in 
the slag. This improved mobility of oxygen may in part explain the increase in the rate of 
dephosphorisation observed in a mixed slag-metal mass transfer controlled system (i.e. 
droplet experiments or the BOS process).  
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6.2. Assessment of Mass Transfer Coefficients and Interfacial pO2 
Dephosphorisation is well known to be kinetically limited by mass transfer of phosphorus in 
the slag, metal or in both phases [7, 13, 108, 110, 138, 148, 149, 171, 350-355, 357]. The rate 
equations for mass transfer control in each phase are given in equations 2.42 and 2.43: 
−
d[%P]
dt
=
A
Wm 
km ρm ([%P]b − [%P]i) 
 
−
d(%P)
dt
=
A
WS
kSρS((%P)i − (%P)b) 
 
 
The mass transfer coefficients for the FeO in the slag (kFeO) and in metal (km), and the overall 
mass transfer coefficient (ko) were determined (sections 6.2.2 – 6.2.4) as shown in Tables 6.1-
6.2. 𝑘𝑠≅𝑘𝐹𝑒𝑂 is commonly assumed in the absence of a better estimate [13, 110, 148, 353]. 
This assumption is based on the reported convergence of mass transfer coefficients for different 
species in high FeO slags [7, 13, 108, 110, 138, 148-150, 171, 350-355]. The interfacial oxygen 
potential (pO2
𝑖 ), required to calculate kFeO, was determined in section 6.2.1. The analysis of the 
observed trends is discussed in section 6.3. 
 
Table 6.1: Calculated average pO2
𝑖 , LP, t=3s, kFeO, t=3s, and logCPO43− data for different slags. 
Slag (TiO2) Average 𝐩𝐎𝟐
𝒊  LP, t=3s kFeO, t=3s log𝐂𝐏𝐎𝟒𝟑−
 
mass% atm mass%/ mass% cm/s  
0 2.5x10-11 2.6 6.3x10-3 18.06 
5 5.0x10-11 2.8 11.1x10-3 17.75 
10 10.0x10-11 3.3 12.8x10-3 17.51 
 
Table 6.2: Calculated km, and ko data for different slags. 
Slag (TiO2) km, t<1 ko, t<1 km, 1<t≤20 ko, 1<t≤20 
mass% cm/s cm/s cm/s cm/s 
0 30.0x10-2 4.5x10-3 1.0x10-2 3.1x10-3 
5 25.2x10-2 13.4x10-3 1.2x10-2 6.5x10-3 
10 16.5x10-2 15.7x10-3 2.2x10-2 9.7x10-3 
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6.2.1. Assessment of 𝐩𝐎𝟐
𝒊  
The pO2 can be calculated from the LP and CPO43− using equation 5.13.  
pO2 = (
LPK[P]MPO43−
CPO43−fPMP
)
4/5
 
 
The LP was calculated using the [P] versus time data (Figure 4.6) using the slag and metal 
masses and assuming all the [P] leaving the steel enters the slag. The LP versus time data are 
given in Figure 6.1. 
a)  b)  
c)  
Figure 6.1: LP versus time a) TiO2 = 0 mass% b) TiO2 = 5 mass% c) TiO2 = 10 mass%.  
 
The CPO43− can be calculated via the model given in equation 5.34 (developed in section 5.4 
and reproduced below) and the final slag composition.  
 
log(CPO43−) = 
46141
T
 + 0.020(CaO) - 0.010(MgO) - 0.077(P2O5) -0.102(SiO2)  
- 0.059(FetO) - 0.040(MnO) - 0.084(Al2O3) - 0.079(TiO2)  
- 0.080(V2O5) - 3.475 
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Minor changes in the (FeO) are expected with time because of the decarburisation and 
dephosphorisation reactions reducing the (FeO) (equations 6.1 and 6.2) as shown in Figure 
6.2a). The (FeO) versus time data in Figure 6.2a) were calculated via equation 6.3, where COt 
and (P)t are measured values in the experiments. 
 
[C] + (FeO) = CO(g) + Fe(l) 6.1  
2[P] + 5(FeO) = (P2O5) + 5Fe(l) 6.2  
(FeO)t = (FeO)0 – COt -2.5*(P)t 6.3  
where subscript t = time, 0 = initial, and all oxides are in moles. 
 
a)  b)  
Figure 6.2: time versus a) (FeO) b) log(CPO43−) for 0, 5, and 10 mass% TiO2 slags. 
 
The minor changes in (FeO) were found to have a minimal effect on log(CPO43−) (shown in 
Figure 6.2b)). Subsequently, the pO2 with time was calculated, as shown in Figure 6.3. The 
average log(pO2) values of -10.6, -10.3, and -10.0 were observed to increase with TiO2.  
Minimal change was observed in the pO2 with time and all results were within ±0.2 orders of 
magnitude. This variation is less than the generally accepted error range for pO2 calculations 
of ±0.5 orders of magnitude. The standard deviations were 0.8%, 0.5% and 0.4% of the average 
log(pO2) values, respectively. 
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a)  b)  
c)  
Figure 6.3: log(pO2) versus time a) TiO2 = 0 mass% b) TiO2 = 5 mass% c) TiO2 = 10 mass%.  
 
The methodology used to determine the interfacial pO2 established by Wei et al. [108, 110] 
and widely used by other investigators [13, 108, 110, 138, 148-150, 171, 350-355], assumes a 
local or effective equilibrium at the phosphorus reversion point. The reversion point is a 
minimum on the [P] versus time.  
 
However, no obvious reversion point was observed in the [P] versus time data shown 
previously in Figure 4.6. While the LP versus time data in Figure 6.1 appear to indicate a 
reversion point (i.e. maxima) between 2 and 5 seconds, this is within the measurement error of 
these data. Therefore, the average log(pO2) values of -10.6, -10.3, and -10.0 with increasing 
TiO2 (i.e. 2.51x10
-11, 5.01 x10-11, 1.00 x10-10 atm) were assumed for the interfacial oxygen 
potential (pO2
𝑖 ). Given the relatively constant log(pO2) (i.e. standard deviation <0.8%) in each 
of the slags tested, this assumption is reasonable. 
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6.2.2. Assessment of kFeO 
In the absence of a better estimate, ks ≅ kFeO is commonly assumed [13, 110, 148, 353]. This 
assumption is based on the reported convergence of mass transfer coefficients for different 
species in high FeO slags [7, 13, 108, 110, 138, 148-150, 171, 350-355]. However, it is 
acknowledged this assumption is imperfect since the mass transport of the PO4
3- is unlikely to 
be as fast as for oxygen, typically represented by FeO. 
 
As shown in equation 6.5, the kFeO can be calculated by rearranging the equation 6.4 derived 
by Gu et al. [352].  
𝑃𝑂2
𝑖 = [
𝛾𝐹𝑒𝑂𝐾𝐹𝑒
𝐶𝑠 × 𝑎𝐹𝑒 × 𝐾[𝑂]
(𝐶(𝐹𝑒𝑂)
0 −
1
𝑉𝑆
∫ 𝑑𝑛𝐶𝑂
𝑛𝐶𝑂,𝑡=𝑡
𝑛𝐶𝑂,𝑡=0
−
1
𝐴
1
𝑘(𝐹𝑒𝑂) 
𝑑𝑛𝐶𝑂 
𝑑𝑡
)]
2
 6.4 
𝑘(𝐹𝑒𝑂) =
(
 
 
 
−
𝑑𝑛𝐶𝑂 
𝑑𝑡
𝐴 (
𝐶𝑠𝑎𝐹𝑒𝐾[𝑂](𝑃𝑂2
𝑖 )
1/2
𝛾𝐹𝑒𝑂𝐾𝐹𝑒
− 𝐶(𝐹𝑒𝑂)
0 +
1
𝑉𝑆
∫ 𝑑𝑛𝐶𝑂
𝑛𝐶𝑂,𝑡=𝑡
𝑛𝐶𝑂,𝑡=0
)
)
 
 
 
 6.5 
 
where:  
KFe = equilibrium constant for FeO dissociation reaction in equation 2.23 
K[O] = equilibrium constant for O2 dissolution reaction in equation 2.19 
𝛾𝐹𝑒𝑂= Raoultian activity coefficient for (FeO) 
CS = overall slag density (moles/cm
3) 
𝐶(𝐹𝑒𝑂)
0 = initial concentration of (FeO) (moles) 
Vs = volume of slag (cm
3) 
∫ 𝑑𝑛𝐶𝑂
𝑛𝐶𝑂,𝑡=𝑡
𝑛𝐶𝑂,𝑡=0
 = CO generated (moles) 
𝑑𝑛𝐶𝑂 
𝑑𝑡
 = decarburisation rate (moles/s) 
𝑎𝐹𝑒
𝑖  is the activity of the liquid Fe at the interface 
 
KFe and K[O] were determined using equations 6.6 and 6.7 [12]. 
logKFe =
−6372
T
+ 2.73 6.6 
logK[O] =
−6120
T
+ 0.18 6.7 
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γFeO was estimated using the empirical equation of Basu et al. [329], given in equation 5.21. 
log( γ(FetO)) =-0.7335log(N(FetO)) - 0.2899 6.8 
 
CS, Vs, ∫ 𝑑𝑛𝐶𝑂
𝑛𝐶𝑂,𝑡=𝑡
𝑛𝐶𝑂,𝑡=0
, and 
𝑑𝑛𝐶𝑂 
𝑑𝑡
 were all determined from the experimental data (section 4.2) 
and the slag composition at three seconds. This time was selected to correspond with peak 
droplet bloating and the possible reversion point observed in Figure 6.1. 
 
Derivation of 𝐏𝐎𝟐
𝐢  Equation 
Equation 6.4 was derived by assuming 𝑃𝑂2
𝑖  is determined entirely by the balance between the 
supply of FeO and the consumption of FeO by CO formation as shown by the first order mass 
transfer equation (equation 6.9).  
𝑘𝐹𝑒𝑂(𝐶𝐹𝑒𝑂
𝑏 − 𝐶𝐹𝑒𝑂
𝑖 ) =
1
𝐴
𝑑𝑛𝐹𝑒𝑂
𝑑𝑡
=
1
𝐴
𝑑𝑛𝐶𝑂
𝑑𝑡
 
6.9 
 
where 𝐶𝐹𝑒𝑂 is the concentration of (FeO) in moles, and the superscripts b and i indicate bulk 
and interfacial values respectively.  
 
The effect of [P] oxidation on 𝐶𝐹𝑒𝑂 is considered negligible relative to that of [C]. This is 
because [P] has a significantly lower concentration (0.072 mass%) than [C] (2.513 mass%) and 
therefore its relative effect is considered very small. 
 
𝐶𝐹𝑒𝑂
𝑏  can be calculated using the initial concentration of FeO in the bulk slag (𝐶𝐹𝑒𝑂
0 ) and then 
subtracting the moles of FeO reduced by CO formation at time t (i.e. 𝑑𝑛𝐹𝑒𝑂 = 𝑑𝑛𝐶𝑂), as shown 
in equation 6.10. 
𝐶𝐹𝑒𝑂
𝑏 = 𝐶𝐹𝑒𝑂
0 −
1
𝑉𝑆
𝑛𝐹𝑒𝑂 = 𝐶(𝐹𝑒𝑂)
0 +
1
𝑉𝑆
∫ 𝑑𝑛𝐶𝑂
𝑛𝐶𝑂,𝑡=𝑡
𝑛𝐶𝑂,𝑡=0
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𝐶𝐹𝑒𝑂
𝑖  can be determined by substituting equation 6.10 into equation 6.9 to get equation 6.11. 
𝐶𝐹𝑒𝑂
𝑖  = 𝐶(𝐹𝑒𝑂)
0 +
1
𝑉𝑆
∫ 𝑑𝑛𝐶𝑂
𝑛𝐶𝑂,𝑡=𝑡
𝑛𝐶𝑂,𝑡=0
−
1
𝐴
1
𝑘(𝐹𝑒𝑂) 
𝑑𝑛𝐶𝑂 
𝑑𝑡
 
6.11 
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The equilibrium constant for the FeO dissociation reaction (equation 2.23) at the interface can 
be determined via equation 6.12 
𝐾𝐹𝑒 =
𝑎𝐹𝑒
𝑖 𝑎𝑂
𝑖
𝛾𝐹𝑒𝑂𝑁𝐹𝑒𝑂
𝑖
 
6.12 
 
where 𝑁𝐹𝑒𝑂
𝑖  is the mole fraction and 𝑎𝑂
𝑖  is the activity of oxygen. 
 
𝐶𝐹𝑒𝑂
𝑖  can be converted to 𝑁𝐹𝑒𝑂
𝑖  by dividing through by the overall molar density (CS). 
Subsequently, equation 6.12 can be rearranged to define 𝑎𝑂
𝑖  as shown in equation 6.13. 
𝑎𝑂
𝑖 =
𝛾𝐹𝑒𝑂𝐾𝐹𝑒𝐶𝐹𝑒𝑂
𝑖
𝐶𝑆𝑎𝐹𝑒
𝑖
 
6.13 
 
Substituting equation 6.11 into equation 6.13 gives equation 6.14. 
𝑎𝑂
𝑖 = 
𝛾𝐹𝑒𝑂𝐾𝐹𝑒
𝐶𝑆𝑎𝐹𝑒
𝑖
(𝐶(𝐹𝑒𝑂)
0 +
1
𝑉𝑆
∫ 𝑑𝑛𝐶𝑂
𝑛𝐶𝑂,𝑡=𝑡
𝑛𝐶𝑂,𝑡=0
−
1
𝐴
1
𝑘(𝐹𝑒𝑂) 
𝑑𝑛𝐶𝑂 
𝑑𝑡
) 
6.14 
 
𝑎𝑂
𝑖  may also be expressed with respect to the equilibrium constant for the oxygen dissolution 
reaction, as shown in equation 6.15. 
 𝑎𝑂
𝑖 = 𝐾[𝑂](𝑃𝑂2
𝑖 )
1/2
 6.15 
 
Finally, equation 6.4 (reproduced below) is obtained by substituting equation 6.15 into equation 
6.14 and rearranging for 𝑃𝑂2
𝑖 . 
𝑃𝑂2
𝑖 = [
𝛾𝐹𝑒𝑂𝐾𝐹𝑒
𝐶𝑠 × 𝑎𝐹𝑒
𝑖 × 𝐾[𝑂]
(𝐶(𝐹𝑒𝑂)
0 −
1
𝑉𝑆
∫ 𝑑𝑛𝐶𝑂
𝑛𝐶𝑂,𝑡=𝑡
𝑛𝐶𝑂,𝑡=0
−
1
𝐴
1
𝑘(𝐹𝑒𝑂) 
𝑑𝑛𝐶𝑂 
𝑑𝑡
)]
2
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6.2.3. Assessment of km 
When the rate limiting step of the dephosphorisation reaction is mass transport in the metal 
phase, the rate of dephosphorisation may be represented by equation 2.42. 
−
𝑑[%𝑃]
𝑑𝑡
=
𝐴
𝑊𝑚 
𝑘𝑚 𝜌𝑚 ([%𝑃]𝑏 − [%𝑃]𝑖) 
 
 
Equation 2.42 can be integrated and expressed as shown in equation 2.47 
𝑙𝑛 [
[%𝑃]𝑏 − [%𝑃]𝑒
[%𝑃]0 − [%𝑃]𝑒
] (
[%𝑃]0 − [%𝑃]𝑒
[%𝑃]0
)(
𝑊𝑚
𝜌𝑚𝐴
) = −𝑘𝑚𝑡 
 
 
where A is the time averaged surface area, subscripts b, e, and 0 indicate the bulk, equilibrium, 
and initial conditions. [%P]e was assumed to be 0.0008, 0.0007, and 0.0006 mass% with 
increasing TiO2. These values are based on the minimum [P] as t → ∞ in each slag (Figure 4.7).  
 
The time averaged surface area is required for this approach because of the changing surface 
area with time [259, 355]. The left-hand side of equation 2.47 may be simplified to a  BlnC 
form by setting C = [
[%𝑃]𝑏−[%𝑃]𝑒
[%𝑃]𝑜−[%𝑃]𝑒
] and B = (
[%𝑃]𝑜−[pct 𝑃]𝑒
[%𝑃]𝑜
) (
𝑊𝑚
𝜌𝑚𝐴
). Subsequently, BlnC was 
plotted versus time for each of the slags tested, as shown in Figure 6.4, giving km as the gradient 
of the line or curve. 
 
As shown in Figure 6.4, two distinct km values (i.e. slopes) were observed for each of the slags 
tested, The initial km values were up to 30 times higher than the secondary km values. This 
observation is likely a consequence of the significantly higher decarburisation rate in the first 
second of the experiment (shown in Figure 4.7) that increased the surface renewal of the metal 
droplet. Coinciding with the slowing dephosphorisation and decarburisation rates observed 
from one second onwards (Figures 4.6 and 4.7), the initial reaction period was assumed to 
finish after one second. This assumption offers the most conservative estimate of km in the 
initial stage of the reaction. The inability to obtain data earlier than one second with the 
experimental setup is a limitation in the approach used.  
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a)   b)  
c)  
Figure 6.4: Dephosphorisation data plotted as a function of time using equation 2.47: a) TiO2 
= 0 mass%, b) TiO2 = 5 mass%, c) TiO2 = 10 mass%. 
 
The 10 mass% TiO2 experiment at one second failed and was unable to be repeated. To allow 
initial km values at t=1s to be compared, the initial km value for the 10 mass% TiO2 experiment 
was estimated to be 16.5x10-2 cm/s by extrapolation of the 2 second to 15 second data back to 
one second. Although, this approach is speculative, the estimated value is close to the initial 
km value at t=2s of 11.2x10
-2
 cm/s using measured data, indicating the approach may have 
provided a reasonable estimation. Regardless, both the estimation at one second and calculated 
value at two seconds show a lower initial km value than does the 5 mass% TiO2 experiment. 
 
6.2.4. Assessment of ko 
The rate equation for mixed control by mass transfer in both the slag and metal phases can be 
derived by consideration of the rate equations for mass transfer control in each phase (shown 
in equations 2.42 and 2.43). Assuming equilibrium at the interface, the interfacial 
concentrations of phosphorus are related to the LP given in equation 2.40 
 
LP = 
(%P)𝑖
[%P ]𝑖
 
km= 30.0x10
-2 cm/s
km= 1.0x10
-2 cm/s
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A simple mass balance can be used to determine the rate of change in each phase, as shown in 
equation 2.44, reproduced below.  
d(%P)
dt
WS = −
d[%P]
dt
Wm  
 
 
Substituting equations 2.44, 2.42, and 2.40 into equation 2.43, the overall rate equation 
(equation 2.45) for mass transfer control is obtained. 
−
d[%P]
dt
=
𝜌𝑚𝐴
𝑊𝑚
1
𝜌𝑚
𝑘𝑠𝜌𝑠𝐿𝑃
+
1
𝑘𝑚
([%P]b −
(%P)𝑖
𝐿𝑃
) 
 
 
Subsequently, the ko can be defined by equation 2.45, as shown in equation 2.46 
ko =
1
𝜌𝑚
𝑘𝑠𝜌𝑠𝐿𝑃
+
1
𝑘𝑚
   
 
where 𝑘𝑠 and 𝑘𝑚 have been determined previously in sections 6.2.2 and 6.2.3. 
 
6.3. Evaluation of kFeO, km, and ko Data 
This section provides a detailed analysis of the kFeO, km, and ko data determined in section 6.2 
and reported in Tables 6.1 and 6.2. The kFeO, km, and ko data were compared with data from the 
literature and the effect of TiO2 on each mass transfer coefficient is analysed in turn in sections 
6.3.1-6.3.3. 
 
6.3.1. Evaluation of kFeO Data 
The kFeO values increased with TiO2 from 6.2x10
-3 cm/s to 12.8x10-3 cm/s. These kFeO values 
are comparable to those reported in the literature (reviewed in section 2.2) and range from 
0.3x10-3 cm/s to 15.1x10-3 cm/s. The conditions in the high (FetO) slag of Li and Barati [356] 
are the closest available for comparison with the base slag (0 mass% TiO2) in this study, as 
shown in Table 6.3.  
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Table 6.3: Comparison of kFeO data and conditions for this study and Li and Barati [356]. 
Description 
This study 
Base slag 
Li and Barati 
25 mass% (FetO) slag 
System CaO-SiO2-FeO-MgO CaO-SiO2-FeO-MgO-Al2O3 
Temperature (°C) 1650 1600 
kFeO (cm/s) 6.3x10-3 2.1 x10-3 
(FetO) mass% 24.0 25.0 
v-ratio 2.6 1.8 
Viscosity (Nsm-2)* 1.87x10-2 3.71x10-2 
Decarburisation 
rate (mole/s) 
t=1s 56.0x10-5 12.6 x10-5 
t=20s 1.25x10-5 0.486x10-5 
*viscosity determined via the Iida viscosity model [73, 263, 265-267]. 
 
In a review of the literature (Chapter 2) it was found diffusivity is proportional to temperature 
and inversely proportional to viscosity according to the Stokes-Einstein [358] and Eyring [359] 
equations, as shown in equation 6.16.  
D∝ 
𝑇
𝜂
 6.16  
 
Equation 6.16 can be substituted into Higbie’s penetration theory (equation 2.57) to give 
equation 6.17 
𝑘 = 2 (
𝐷𝜇
𝜋𝑑
)
1/2
 
  
𝑘𝐹𝑒𝑂 ∝ (
𝑇𝜇
𝜂𝑑
)
1/2
 6.17  
 
Equation 6.17 was used to adjust the experimental kFeO data in Table 6.3 to account for 
temperature, viscosity, and gas velocity conditions as shown in Table 6.4. Viscosity 
adjustments were made based on the Iida viscosity model [73, 263, 265-267]. For this analysis, 
gas velocity adjustments were made by assuming the decarburisation rate was proportional to 
𝜇. The Iida viscosity model [73, 263, 265-267] was used in this study based on the 
recommendation of the ‘round robin’ project on the estimation of slag viscosities [262].  
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Table 6.4: Comparison of kFeO data from this study and the study of Li and Barati [356] 
normalised for temperature, viscosity (Nsm-2), and decarburisation rate using equation 6.17.  
Temperature 
(°C) 
Viscosity 
(Nsm-2) 
Decarburisation 
rate (mole/s) 
kFeO (cm/s) 
This study 
Base slag 
Li and Barati 
(FetO) =25 mass% 
1650 1.87x10-2 56.0x10-5 6.30x10-3 *6.24x10-3 
1600 3.71x10-2 12.6x10-5 *2.12x10-3 2.10x10-3 
* Values adjusted to the temperature, viscosity, and gas velocity conditions. 
 
From Table 6.4, it can be seen that the kFeO value reported by Li and Barati [356] for their high 
FeO slag is similar to the experimental kFeO determined in this study when adjusted to the same 
temperature, viscosity, and gas velocity conditions. 
 
The effect of TiO2 on kFeO  
The primary aim of this study is to elucidate the effect of TiO2 on the kinetics of 
dephosphorisation. Consequently, the effect of TiO2 on kFeO is discussed in this section. The 
kFeO was observed to increase with increasing TiO2 at 1650°C, as shown in Table 6.5. This 
observation may in part be explained by consideration of equation 6.22, and the effect TiO2 
has on the slag viscosity, gas velocity, and gas bubble diameter. The apparent viscosity was 
also considered to account for any changes in MgO saturation with the addition of TiO2. Each 
of these factors is considered in turn in this section. 
 
Table 6.5: kFeO and experimental data for varying TiO2 at 1650°C and t = 3s. 
Slag TiO2 (mass%) 0 5 10 
kFeO (cm/s) 6.3x10-3 11.1x10-3 12.8x10-3 
(FetO) mass% 24.0 22.8 21.6 
v-ratio 2.6 2.6 2.6 
Viscosity (Nsm-2)1) 1.87x10-2 1.93x10-2 2.01x10-2 
Solids fraction (𝒇) 0.031 0.000 0.000 
Apparent viscosity (Nsm-2) 2.08 x10-2 1.93x10-2 2.01x10-2 
Decarburisation rate (mole/s)  10.3x10-5 22.6x10-5 33.2x10-5 
Foamy Slag volume (cm3) 12.0 13.0 25.0 
1) Determined from the slag composition and experimental temperature via the Iida 
viscosity model.  
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The increase in kFeO with increases in TiO2 was observed after the data were adjusted to the 
same viscosity using equation 6.17, as shown in Tables 6.6.  
 
Table 6.6: kFeO data with TiO2 adjusted for viscosity (1.87x10
-2
 Nsm
-2) using equation 6.17. 
 0 mass% TiO2 5 mass% TiO2 10 mass% TiO2 
kFeO (cm/s) 6.3x10
-3 11.3x10-3 13.3x10-3 
 
The apparent viscosity given in Table 6.5 is higher than the liquid slag viscosity because of the 
presence of solid particles. The apparent viscosity was determined using an Einstein-Roscoe 
type equation [358, 360-364] given in equation 6.18, and FactSage 7.1 
𝜂 =  𝜂0(1 − 𝑎𝑓)
−𝑛 6.18  
 
where: 
η = apparent viscosity. 
η0 = viscosity of the solid free melt. 
𝑓 = volume fraction of solid particles in the melt from FactSage 7.1 equilibrium module. 
a = constant assumed to be 1.35. 
n = constant assumed to be 2.5. 
 
The increase in kFeO with increasing TiO2 was also observed after the data were adjusted to the 
same apparent viscosity using equation 6.17, as shown in Table 6.7.  
 
Table 6.7: kFeO data with TiO2 adjusted for apparent viscosity (2.0x10
-2
 Nsm
-2) using equation 
6.17. 
 0 mass% TiO2 5 mass% TiO2 10 mass% TiO2 
kFeO (cm/s) 6.42x10
-3 10.9x10-3 12.8x10-3 
 
The effect of TiO2 on the gas velocity and gas bubble diameter may be examined by assuming 
the gas velocity to be proportional to the decarburisation rate and the bubble diameter 
proportional to the foamy slag volume at three seconds (Table 6.5). The kFeO data with TiO2 
adjusted by the decarburisation rate and foamy slag volume is shown in Table 6.8. The 
decarburisation rate at three seconds was used as kFeO was also calculated at this time. The 
increase in kFeO with TiO2 continued to be observed once the effect of gas velocity and bubble 
diameter were accounted for.  
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Table 6.8: kFeO data with TiO2 adjusted to a constant decarburisation rate (10.3x10
-5
 mole/s) 
and foamy slag volume (12 cm3) using equation 6.17. 
 0 mass% TiO2 5 mass% TiO2 10 mass% TiO2 
kFeO (cm/s) 6.42x10-3 7.66x10-3 10.26x10-3 
 
The higher kFeO in the TiO2 bearing slags after the effects of slag viscosity, gas velocity and 
gas bubble diameter were accounted for may in part be explained by the effect of the Ti3+/Ti4+ 
pair. The Ti3+/Ti4+ pair may enhance oxygen transport in the slag via a similar mechanism to 
the Fe2+/Fe3+ pair [152, 153]. Dephosphorisation is well established to be mixed mass transfer 
controlled in both the slag and metal phases [7, 13, 108, 110, 138, 148, 149, 171, 350-355, 
357]. Enhanced oxygen transport in the slag as a consequence of the Ti3+/Ti4+ pair is likely to 
increase the overall dephosphorisation rate. 
 
Titanium is known to form both Ti4+ (i.e. TiO2) and Ti
3+ ions in steelmaking slags (explained 
previously in section 5.5.2), as shown in equations 2.14 - 2.15.  
𝑇𝑖𝑂4
4− = (𝑇𝑖3+) + 
7
2
𝑂2− +
1
4
𝑂2(𝑔)   
𝑇𝑖𝑂2(𝑆) = 𝑇𝑖𝑂1.5(𝑆) +
1
4
𝑂2(𝑔)   
The higher decarburisation rates observed in the TiO2 bearing slags (Table 6.5 and Figure 4.7) 
lower the pO2 and drive the reactions above to the right increasing the formation of Ti
3+ and 
subsequently improving oxygen transport. A comparison of the 10 mass% TiO2 slag with the 
base slag shows the phosphate capacity (i.e. thermodynamic driving force – see Table 6.1) has 
reduced to 96.95% of the base slag, while kFeO (i.e. oxygen transport – see Table 6.17) has 
increased to 159.81% of the base slag. Hence, attributing the increased kinetic rate to improve 
oxygen transport appears to be a reasonable assumption. 
 
6.3.2. Evaluation of km Data 
The initial km (t<1s) was found to decrease with increasing TiO2, as shown in Table 6.9. 
Gu et al. [13, 353] also observed decreasing km with increasing decarburisation. However, the 
increase in decarburisation was likely caused by higher experimental temperatures rather than 
a change in slag composition. Both observations may in part be explained by consideration of 
Higbie’s penetration theory [224] (equation 2.57), where an increase in bubble diameter caused 
by an increasing decarburisation rate can be seen to decrease km.   
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𝑘𝑚 = 2(
𝐷𝜇
𝜋𝑑
)
1
2
 
From the ideal gas law, the pressure is proportional to the change in moles of CO for a given 
volume and temperature, as shown in equation 6.19 
ΔP =Δ𝑛 
𝑅𝑇
𝑉
 6.19  
where Δ𝑛 is the change in the number of moles of CO. 
 
The pressure inside a bubble can be related to the radius via the Young-Laplace [365, 366] 
equation (equation 6.20), 
ΔP =(Pve-Pl) =  
2𝜎
𝑟
 6.20  
where Pve is the pressure in the CO bubble at equilibrium, Pl is the liquid pressure, and 𝜎 is the 
surface tension of liquid metal. 
 
Due to the high supersaturation pressure of CO nucleation, (Pve-Pl) can be approximated by 
Pve. By combining equations 6.19 and 6.20 to obtain equation 6.21, it can be seen that the CO 
bubble diameter is inversely proportional to the decarburisation rate. 
Δ𝑛 ∝ 
2𝜎
𝑟
 6.21  
 
Table 6.9: km and decarburisation data for varying TiO2 at 1650°C. 
Slag (TiO2) km, t<1 
Decarburisation 
rate, t=1s 
km, 1<t≤20 
Decarburisation 
rate, t =20s 
mass% cm/s mole/s cm/s mole/s 
0 30.0x10-2 56.0x10-5 1.0x10-2 1.25x10-5 
5 25.2x10-2 67.1x10-5 1.2x10-2 1.15x10-5 
10 16.5x10-2 73.7x10-5 2.2x10-2 0.96x10-5 
 
The secondary km (1<t≤20s) values were found to increase with increasing (TiO2), as shown in 
Table 6.9. This observation may also be explained by the change in decarburisation rate. The 
decarburisation rate was observed to decrease with increasing TiO2 after 20 seconds, as shown 
in Figure 4.7d. This decrease in the decarburisation rate may, in part, be explained by the lower 
thermodynamic driving force resulting from the higher initial rate of reaction. Consequently, 
smaller CO bubbles are likely produced in the higher TiO2 slags thereby increasing the km 
values as predicted by Higbie’s penetration theory [224] (equation 2.57). The secondary km 
(1<t≤20s) values were found to be up to 30 times lower than the initial km (t<1) values.  
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Gu et al. [13, 353] also observed lower km in the later stages of the reaction as a result of weaker 
stirring induced by a much lower decarburisation rate. Higbie’s penetration theory [224] 
(equation 2.57) was used to adjust the initial km (t<1) values to the same gas velocity (i.e. 
decarburisation rate) observed in the secondary km (1<t≤20s) values (as shown in Table 6.10). 
The adjusted data in Table 6.10 shows the larger initial km values are primarily a response to 
the higher decarburisation rate increasing 𝜇. 
 
Table 6.10: km data adjusted to the decarburisation rate at t=20s for varying TiO2 at 1650°C. 
Slag (TiO2) 
Decarburisation  
rate, t =20s 
km, t<1 
Adjusted 
km, t<1 
km, 1<t≤20 
mass% mole/s cm/s cm/s cm/s 
0 1.25x10-5 30.0x10-2 4.5 x10-2 1.0x10-2 
5 1.15x10-5 25.2x10-2 3.3 x10-2 1.2x10-2 
10 0.96x10-5 16.5x10-2 1.9 x10-2 2.2x10-2 
 
6.3.3. Evaluation of ko Data 
Both the initial and secondary ko data were found to increase with increasing TiO2, as shown 
in Table 6.2. The ko data may be explained by consideration of the kFeO and km data as explained 
previously in sections 6.3.1 and 6.3.2. The increase of the initial ko data (i.e. t<1) with TiO2 
content corresponds to the trend observed in the kFeO data. In contrast, the initial km data 
decrease with increasing TiO2 content. These observations indicate the effect of TiO2 on kFeO 
is the dominant effect causing the increased rate of dephosphorisation. Hence, the increase in 
the ko with TiO2 may be attributed to the presence of the Ti
3+/Ti4+ pair improving the mobility 
of oxygen in the slag. The lower secondary ko (1<t≤20s) may be attributed to the lower 
decarburisation rate after 20 seconds and subsequent decrease in surface renewal (equation 
2.57). 
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6.4. The effect of TiO2 on Droplet Volume, and Slag Volume 
As shown in Figure 4.8, the peak droplet volume was found to increase with increasing TiO2. 
The change in droplet volume may be explained primarily by the decarburisation rate, which 
is proportional to the volume of gas for constant pressure and temperature, as shown by 
equation 6.22. 
ΔV =Δ𝑛 
𝑅𝑇
𝑃
 6.22  
 
Therefore, the increase in peak volume may be explained by the larger initial decarburisation 
rate (t<1s) observed with increasing TiO2 (Figure 4.7 and Table 6.5). The lower secondary 
decarburisation rates observed explain the rapid decrease in droplet volume following the peak. 
Similarly, the change in both foamy and dense slag volume may be attributed to the higher 
initial decarburisation rate in the TiO2 bearing slags. The higher decarburisation rates produce 
more CO bubbles, thereby increasing the foamy slag volume and decreasing the dense slag 
volume. Slag foaming increases with apparent viscosity because of the formation of solid 
precipitates that stabilise foamy slags. However, the apparent viscosity is expected to exhibit a 
minor decrease with increasing TiO2, as shown in Table 6.5. Hence, the increase in slag 
foaming is primarily attributed to the increased decarburisation rate.  
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7. Analysis of BOS Dephosphorisation Data using Published LP Equations 
 
This chapter details the analysis of BOS plant dephosphorisation data from Port Kembla using 
published LP equations. Further, it provides analysis of the suitability of various representations 
of oxygen potential and basicity in the LP equations on the quality of fit (R
2) to the data. This 
analysis was used to inform the development of a new LP equation, which in turn was used to 
assess the effect of minor slag constituents on the LP obtained from the industrial data. A 
summary of the findings is given below:  
 
7.1. Summary 
▪ Published LP equations that used a combination of (FetO) and [C] to represent oxygen 
potential were found to have the highest fit to the tested database (database 3). 
▪ Published LP equations that used v-ratio, CaO or CaO equivalent to represent basicity were 
found to have the highest fit to industrial database 3. 
▪ A series of new LP equations were developed using database 2 to test the performance of 
various representations of oxygen potential and basicity and assessed using the fit (R2) to 
the independent test database (database 3). 
o Oxygen potential was best represented by a combination of (Fet) and [C]. 
o Basicity was best represented by CaO equivalence containing CaO, MgO, P2O5, and 
MnO. 
▪ The new LP equation (7.56) developed using the industrial database 2 and validated using 
database 3 was used to isolate the key factors controlling dephosphorisation (temperature, 
basicity and oxygen potential) to investigate the effect of minor slag constituents on the 
LP. 
o Increasing (Al2O3), (TiO2), and (V2O5) was expected to decrease the LP in basic slags 
due to the amphoteric nature of these oxides and the oxidation of [Ti] and [V] to form 
(TiO2) and (V2O5). The analysis for (Al2O3) and (TiO2) in the low pO2 and basicity 
databases tested (databases 4 and 8) was found to be consistent with theory.  
o Increasing (Al2O3), (TiO2), and (V2O5) was found to increase the LP in the high pO2 and 
high basicity databases tested. This observation contrasts with the expected decrease in 
LP, maybe due to the effect of these oxides on CaO dissolution, slag viscosity, oxygen 
mobility in the slag due to the Ti3+/Ti4+ pair or a combination of these phenomena. 
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7.2. Analysis methodology for Industrial BOS dephosphorisation data  
The analysis of BOS dephosphorisation data was conducted by testing and evaluating a 
selection of published LP equations to inform the development of a new LP equation, as shown 
in Figure 3.13. Subsequently, the new LP equations were used to assess the effect of minor slag 
constituents on the measured LP (equation 2.40), where the [P] is measured by the after blow 
sub-lance sample and (P) by the tap slag dip sample. 
 
Figure 7.1: Industrial data analysis flow diagram. 
 
7.3. Selection of published LP equations 
Thirty-seven published LP equations (Table 7.1) were selected from a review of 90 published 
LP equations. Full details are given in Appendix 2. The equations were selected for further 
evaluation if they satisfied one or more of the following criteria,  
▪ the LP equation was recently published (2000 onwards) using laboratory data,  
▪ the LP equation was derived using industrial data, 
▪ the LP equation included minor BOS slag constituents TiO2, Al2O3, and V2O5, and 
▪ the LP equation included optical basicity as an input, hence allowing the effect of minor 
slag constituents to be easily incorporated. 
Equations were disregarded using the following criteria, 
▪ the LP equation included slag additions no longer used for environmental reasons (CaF2, 
Na2O), 
▪ the LP equation had no temperature adjustment term and 
▪ the LP equation had since been reviewed and updated.
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Table 7.1: A selection of LP equations developed for slags in CaO-SiO2-FetO-P2O5-(MgO, MnO, Al2O3, TiO2, and VO2) systems.  
No. Equation Conditions Source 
7.1 
logLP = 
0.06[(%CaO) + 0.37(%MgO) + 4.65(%P2O5) – 0.05(Al2O3) – 0.2(%SiO2)] + 
11570
T
 – 10.52 + 
2.5log(%Fet) 
MgO-Al2O3,  
1600°C 
[367, 
368] 
7.2 
logLP = 0.0680[(%CaO)+0.42(%MgO)+1.16(%P2O5)+0.2(%MnO)] + 
11570
T
 -10.52 + 2.5log(%Fet) 
MgO-MnO,  
1600-1655°C 
[1, 
296] 
7.3 
logLP = 0.07(%CaO)+0.031(%MgO)+0.02(%MnO)+0.31(%Al2O3) + 
10911
T
 -11.4 + 2.84 log(%Fet) 
MgO-Al2O3–TiO2-
V2O5 
1550-1667°C 
[369] 
7.4 
logLP = 0.026(%CaO)+0.092(%MgO)+0.04(%MnO)+0.08(%Al2O3) + 
12217
T
 -6.29 + 0.35log(%Fet) 
MgO-Al2O3–TiO2-
V2O5 
1650-1727°C 
[369] 
7.5 
logLP = 0.075(%CaO)+0.025(%MgO)+0.14(%MnO)+0.3(%Al2O3) + 
6042
T
 -10.27 + 3.5 log(%Fet) 
MgO-Al2O3–TiO2-
V2O5 
1550-1727°C 
[369] 
7.6 logLP = 0.431((%CaO)/(%SiO2))-0.361log(%MgO)+ 
13590
T
 -5.71 + 0.384log(%Fet) MgO [370] 
7.7 logLP = 0.346((%CaO)/(%SiO2))-0.144log(%MgO)+ 
10173
T
 -5.41 + 0.855log(%Fet)+0.0088*log[%C] MgO [370] 
7.8 
logLP = 
9736
T
 + 0.0023(%CaO) – 0.0094(%MgO) – 0.1910[%C]+ 0.00053(%FetO) -3.297 
MgO-Al2O3–TiO2-
V2O5 
~1650°C 
[371] 
7.9 
logLP = 
11913
T
 + 0.0066(%CaO) – 0.0123(%MgO) – 1.2270[%C] + 0.00426(%FetO) -4.384 
MgO-Al2O3–TiO2-
V2O5 
~1650°C 
[371] 
7.10 lnLP = 
20.254
T
 +0.3638ln(%FetO)-0.0499(%MgO)-6.299-0.82915 MgO [370] 
7.11 
logLP = -12.24 + 
20000
T
 + 2.5log(FetO) + 6.65log (
(%CaO)+0.8(%MgO)
(%SiO2)+(Al2O3)+0.8(%P2O5)
) +0.13[%C] 
MgO,  
1550-1580°C 
[317] 
7.12 
logLP = 2.5log(%Fet) +0.0715((%CaO) + 0.25(%MgO)) + 
7710.2
T
 – 8.55 + ( 
105.1
T
 + 0.0723)[%C] 
MgO-MnO,  
1000-1680°C 
[372, 
373] 
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Table 7.1: A selection of LP equations developed for slags in CaO-SiO2-FetO-P2O5-(MgO, MnO, Al2O3, TiO2, and VO2) systems (Continued).  
No. Equation Conditions Source 
7.13 
logLP = 0.0720[(%CaO) + 0.15(%MgO) + 0.6(%P2O5) + 0.6(%MnO)] +2.5 log(%Fet) + 
11570
T
 – 10.50 
MgO,  
1600°C 
[374] 
7.14 
logLP = 19.05Λ-0.148+ 0.5[log∑(
%i
Mi
) + log(%P2O5)] + 2.5log[%O] -2.5
(−115750−4.63T)
RT
 
MgO-Al2O3,  
1570-1600°C 
[312] 
7.15 
logLP = 
21740
T
 -9.87 + 0.071[(%CaO) + 0.3(%MgO)] + 2.5log[%O] 
MgO-MnO, 
1600°C 
[14, 
375, 
376] 
7.16 logLP = 
13958
T
 -7.9517 + 2.5log(%FetO)- (%FetO)(1.43x10
-2 + 1.032x10-4(%FetO)) -0.36  [370] 
7.17 
logLP = 
5.60 log[(%CaO) + 0.3(%MgO) + 0.05(%FetO)] + 
14800
T
 – 18.038 + 0.5log(%P2O5)  
+ 2.5 log(%Fet) 
MgO-Al2O3-TiO2 
1600-1700°C 
[10] 
7.18 
logLP =  2.016B′ - 0.34(B′)2 + 
52600
T
 – 11.993 + 2.5 log[%O] 
MgO,  
1600°C 
[288] 
7.19 
logLP =  21.55Λ + 
32912
T
 +2.5log(% Fet) – 34.678 
MgO-Al2O3-TiO2-
VO2 
1600°C 
[74, 
326] 
7.20 
logLP =  21.55Λ + 
32912
T
 - 27.90 + 2.5 log[%O] 
MgO-Al2O3-TiO2-
VO2 
1550-1650°C 
[74, 
326] 
7.21 logLP =  3.52 log(%CaO) +  
4977
T+17.8
 + 2.5log(%FeO) +0.5log(%P2O5) -10.46 1550-1650°C [6] 
7.22 
logLP = 
 1.53log(%FeO)+3.23log(%CaO)-5.35+ log (
1.6+√(1.28+(%P)−1.6(0.64+(%P))0.5
1.820
) - 
(
−0.00129(%Al2O3)−0.00098(%TiO2)−0.00026(%VO2)
(%Al2O3)+(%SiO2)+(%TiO2)+(%VO2)
)– 6.909 + 
12940
T
 
MgO 
1600°C 
[3, 4, 
9] 
7.23 logLP =  0.6639log((%CaO)/(%SiO2)) + 
8198.1
T
 -3.113 + 0.3956log(%Fet)-0.2075log[%C]  [370] 
7.24 
logLP = 
 NCa2+ (
144270
T
− 36.70) + NMg2+ (
132900
T
− 36.25) + NMn (
124040
T
− 36.450) +
NFe2+ (
118190
T
− 25.65)-
29542
T
− 
(−122173−19.25T)
RT
 – 2.5
(−115750−4.63T)
RT
 + 0.5log(∑NiMi) + 
log(%O2-) – 14.12 
MgO-MnO,  
1600-1680°C 
[331] 
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Table 7.1: A selection of LP equations developed for slags in CaO-SiO2-FetO-P2O5-(MgO, MnO, Al2O3, TiO2, and VO2) systems (Continued).  
No. Equation Conditions Source 
7.25 
logLP =  
19872
T
-8.566+0.0667[(%CaO)] + 2.5log[%O] 
MgO- MnO,   
1520-1723°C 
[377] 
7.26 
logLP = 
 
11000
T
  +2.5log(%FeO) + 
1
T
  [162(%CaO) + 127.5(%MgO) + 28.5(%MnO)] - 6.28 x 10-4 
(%SiO2)
2 - 10.76 
MgO-MnO,  
1550-1650°C 
[378] 
7.27 
logLP =  17.55Λ + 5.72 – 
21680
T
 – 1.87 + log[%P] + 2.5log[%O] 
MgO-MnO,  
1550-1650°C 
[379] 
7.28 
logLP =  5.89 log(%CaO) + 2.5 log(%Fet) + 0.5 log(%P2O5) +  
15340
T
 – 18.542 
MgO-Al2O3-TiO2,  
1300-1400°C 
[380] 
7.29 
lnLP = Λ (−558.874 +
2175100
T
−
1930041500
T2
) – 24.3 +2.5ln[%O] +0.36 
MgO,  
1550-1650°C 
[381] 
7.30 logLP =  0.056(%CaO) + 2.5 log(%Fet) + 0.5 log(%P2O5) +  
12000
T
 – 10.42 ~1600°C [382] 
7.31 logLP =   5.6 log(%CaO) + 2.5 log(%Fet) + 
22350
T
 – 21.876 ~1600°C [383] 
7.32 logLP =  
22350
T
 + 0.08(%CaO) + 2.5log(%FetO) - 16.0 1580-1669°C [40] 
7.33 logLP =  
22350
T
 + 7log(%CaO) + 2.5log(%FetO)-24.0 1580-1669°C [40] 
7.34 
logLP =  
2625
T
 -7.787 + 
1
2
 log(%P2O5) + 2.5 log(%Fet) 
MgO- MnO,  
1550-1660°C 
[24, 
27] 
7.35 
logLP = 
-0.56[22NCaO + 15NMgO + 13NMnO + 12NFeO − 2NSiO2] - 
21000
T
 + 0.5logNP2O5 -log[%P]  
+0.5log(%P2O5) +12.15 
MgO- MnO,  
1550-1660°C 
[24, 
25] 
7.36 
logLP =  5.9log(%CaO) +0.5log(%P2O5) + 2.5log(%Fet) -0.00461T+2.0845 
MgO-MnO-Al2O3,  
1650-1735°C 
[15-17, 
65] 
7.37 
logLP =  5.39log(%CaO) +0.5log(%P2O5) + 2.5log(%Fet) -0.00447T-3.0355 
MgO-MnO-Al2O3,  
1650-1735°C 
[15-17, 
65] 
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7.4. Evaluation of published LP equations 
The selected LP equations were evaluated on database 3 by comparing the coefficient of 
determination (R2) calculated using equation 7.38.  The R2 defined in equation 7.38 is used for 
a regression line constrained to pass through the origin. The test database (database 3) was used 
to evaluate all models from the literature and models developed in this study, as explained 
previously in section 3.6.2. The R2 values for all the selected LP equations are given in 
Appendix 7. 
R2 =
∑(yi)
2−∑(yî−yi)
2
∑(yi)
2   
7.38 
 
The R2 values for the top ten LP equations ranked by R
2 are given in Table 7.2 and shown 
graphically in Figure 7.2. The general form of the basicity and oxygen potential terms, given 
in equations 7.39 - 7.40, used in each of these equations is shown in Table 7.2. The general 
form of the basicity and oxygen potential terms used by the top ten LP equations were used to 
inform the development of new LP equations.  
Basicity term = a(term 1) + b(term 2) + c(term 3) +…. 7.39 
Oxygen potential term = x(term 1) + y(term 2) + z(term 3) +… 7.40 
 
Table 7.2: The R2 values and general form of the basicity and oxygen potential terms for the 
top 10 published LP evaluated for database 3. 
No. R2  Basicity Term Oxygen Potential Term 
7.23 0.975 alog (v-ratio) xlog(Fet)+ylog[C] 
7.9 0.973 a(CaO) +b(MgO) x(FetO)+y[C] 
7.10 0.972 b(MgO) xln(FetO) 
7.8 0.969 a(CaO) +b(MgO) x(FetO)+y[C] 
7.22 0.963 alog(CaO)+(
𝑏(Al2O3)+𝑐(TiO2)+𝑑(VO2)
(Al2O3)+(%SiO2)+(TiO2)+(VO2)
) xlog(FeO) 
7.21 0.942 alog(CaO)+ blog(P2O5) xlog(FeO) 
7.13 0.928 a[(CaO)+b(MgO)+c(P2O5)+d(MnO)] xlog(Fet) 
7.30 0.927 alog(CaO)+ blog(P2O5) x(FetO) 
7.17 0.926 alog[(CaO)+b(MgO)+c(FetO)] xlog(Fet) 
7.2 0.926 a[(CaO)+b(MgO)+c(P2O5)+d(MnO)] xlog(Fet) 
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Figure 7.2: LP calculated versus LP measured for top 10 LP equations ranked by R
2. The 
series are named by the corresponding equation number given in Table 7.1. 
 
The published LP equations in Table 7.2 were all found to have low R
2 values when applied to 
the industrial database 3. There may be a number of reasons for this, including, 
▪ LP equations developed using laboratory equilibrium data typically have poor performance 
when applied to industrial data. This may in part be attributed to the non-equilibrium nature 
of industrial data[296]. Since industrial BOS phosphorus removal is often kinetically 
limited, LP equations developed using equilibrium laboratory data (equations 7.2, 7.13, and 
7.22), may over-predict the measured LP in industrial data. 
▪ LP equations developed using kinetically limited, non-equilibrium industrial data are likely 
to be at least in part plant-specific. This is due to variations in the effective equilibria 
achieved under different operational practices. Hence, industrial LP equations typically have 
a limited fit to data from other steelworks.  
▪ As a general rule, the use of empirical LP equations should be limited to the slag and metal 
composition ranges for which they were developed. Although the LP equations tested (Table 
7.1) were selected for their applicability to BOS data, some of the data in database 3 may 
fall outside the composition ranges of the published LP equations.   
▪ Sampling method variations may have in part contributed to the variability observed in 
industrially measured LP. Metal samples are typically taken via the sub-lance, while slag 
sampling may be conducted simultaneously via a sub-lance, or delayed by up to 10 minutes 
and taken via a chill/dip sample during tapping. The duration of the delay between the slag 
and metal samples introduces more variability into the measured LP as the 
dephosphorisation reaction will continue during the intervening time. Further, there is the 
added complication of how representative slag sampling is via the sub-lance vs. chill/ dip 
sampling.   
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The top ten LP equations (Table 7.2) were all found to use either (%Fet), (%FeO), [%C] or a 
combination of these to represent the oxygen potential for dephosphorisation. However, the 
equations which used a combination of total iron oxides (Fet or FetO) and [%C] typically had 
a higher R2 value than equations utilising only Fet or FetO. The LP equations using [%O] as 
measured by EMF (Table 7.1, equations 7.14, 7.15, 7.18, 7.20, 7.25, 7.27, 7.29) to represent 
the oxygen potential were all found to have a lower fit (R2) than the top ten equations.  
 
The effect of both (FetO) or (Fet) and [%C] on the oxygen potential may in part be explained 
by the heterogeneous nature of the dephosphorisation reaction, where the reaction occurs at the 
slag-metal interface. The interfacial oxygen potential can be represented as a balance between 
reactions controlling the delivery of oxygen for the reaction. In the BOS process, the interfacial 
oxygen potential for dephosphorisation is generally considered to be controlled by the balance 
between decarburisation and FeO reactions in highly stirred conditions[7, 32, 108, 110, 149, 
352, 353, 355, 384, 385], given in equations 2.23 and 2.27 as discussed and explained 
previously in sections 2.1.3 and 5.3. 
Fe(l) + 1/2O2(g) = (FeO)  
[C] + 1/2O2(g) = CO(g)
    
 
This may in part explain the high fit of the LP equations using a combination of (Fet) and [C] 
for the oxygen potential term.  
 
The basicity terms used in the top ten LP equations (Table 7.2) were either v-ratio, (CaO) or 
various forms of CaO equivalence. CaO equivalence defines the basicity of an oxide with 
respect to CaO which is given a coefficient of 1. Oxides with lower basicities have a coefficient 
<1 and oxides with higher basicities (e.g. Na2O) have a coefficient >1. The notable exception 
is Selin’s LP equation (7.22) which utilises (SiO2) equivalence, where the basicity of (Al2O3), 
(TiO2), and (VO2) are defined with respect to SiO2, in a similar approach to CaO equivalence. 
None of the LP equations using optical basicity (Λ) (7.14, 7.19, 7.20, 7.27, and 7.29) were 
ranked in the top 10.  Although the majority of the ten equations in Table 7.2 only considered 
the slag compositional effects of CaO, MgO, FetO and P2O5, the high R
2 values of equations 
7.13, 7.2 and 7.22 suggest the effect of MnO, Al2O3, TiO2, V2O5, and SiO2 may also be 
significant. 
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7.5. Development and evaluation of a new LP equation 
Numerous methods of representing the oxygen potential ([O], [C], total slag Fe or a 
combination) and basicity (optical basicity, basicity ratios or various lime equivalents) exist as 
shown by the published LP equations in Table 7.1. A series of new LP equations were developed 
to test the best representations of oxygen potential and basicity, where each equation was of 
the general form: 
 ∑Ai (basicity term i) + 
𝐵
𝑇
 + ∑Ci (oxygen potential term i) + D 7.41 
 
where the coefficients Ai, B, Ci and D used in each equation were determined using a root mean 
square error minimisation approach using the data in database 2. The new equations were tested 
against the data in database 3, and the R2 values were calculated and compared to the published 
equations. All the new LP equations developed assumed the measured LP had an inverse 
relationship with temperature (as given by the B/T term in equation 7.41) used by most LP 
equations in Table 7.1.   
 
The initial step was to test different representations of oxygen potential (Table 7.3). For this 
step, all equations assumed the basicity was represented by the v-ratio. The highest R2 value 
0.971 was obtained for LP equation 7.49 which uses a combination of log(Fet) and [C]. This 
observation is in good agreement with previous observations from the dephosphorisation 
literature suggesting the optimum representation of oxygen potential from BOS data is likely 
a combination of [C] and (%Fet), as discussed and explained in section 7.4.  
 
The LP equation using [O] as the oxygen potential representation was found to have the lowest 
R2 value. The published equations were inconsistent in the use of log terms to express the (Fet), 
(FetO) and [%C]. Various combinations of log terms were tested (equations 7.46-7.49) before 
the optimum was identified as log(Fet) and [C]. 
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Table 7.3: New LP equations developed to test the fit of various oxygen potential 
representations on database 3. 
No. Equation R2 
7.42 logLP =     0.062(v-ratio) +
13822
T
  -5.43 - 0.049log[O] 0.967 
7.43 logLP =     0.059(v-ratio) + 
13427
T
 -5.48 + 0.157log(%Fet) 0.969 
7.44 logLP =     0.059(v-ratio) + 
13428
T
 -5.49+ 0.157log(%FetO) 0.969 
7.45 logLP =     0.064(v-ratio) +
13427
T
 -5.45 - 0.115log[C] 0.969 
7.46 logLP =     0.062(v-ratio) +
13426
T
 -5.54 - 0.086log[C] + 0.112log(%Fet) 0.970 
7.47 logLP =     0.062(v-ratio) + 
12976
T
 -5.05 + 0.002(%Fet) -0.820[C] 0.970 
7.48 logLP =     0.084(v-ratio) + 
13426
T
 -5.54 + 0.004(%Fet) -0.086log[C] 0.970 
7.49 logLP =     0.062(v-ratio) + 
13019
T
 -5.18 + 0.109log(%Fet) -0.780[C] 0.971 
 
The LP equations developed to determine the optimum basicity representation are given in 
Table 7.4. These equations all use the oxygen potential structure from equation 7.49.  
 
Table 7.4: New LP equations developed to test the fit of various basicity representations on 
database 3. 
No. Equation R2 
7.50 logLP = 3.306log(Λ) + 
13535.1
T
 -4.77 + 0.0002log(%Fet) – 0.722[C] 0.969 
7.51 logLP = 1.782(Λ) + 
13528.4
T
 -6.52 + 0.005log(%Fet) – 0.703[C] 0.968 
7.52 logLP =     0.429log(v-ratio) + 
13536
T
 -5.33 + 0.043log(%Fet) -1.009[C] 0.971 
7.53 logLP =     0.016(CaO) + 
11572
T
 -5.66 + 0.724log(%Fet) -0.714[C] 0.973 
7.54 logLP =     1.598log(CaO) + 
11581
T
 -7.63 + 0.749log(%Fet) -0.708[C] 0.973 
7.55 logLP =     0.242log(v-ratio -0.165(MgO))+
13536
T
-5.24- 0.009log(%Fet) 
     - 1.010[C] 
0.975 
7.56 logLP =      0.016[(CaO)+0.04(MgO)+3.60(P2O5)+0.16(MnO)] + 
11572
T
  
     -5.95 +0.835log(%Fet) – 0.5438[C] 
0.977 
 
Equation 7.56 developed using CaO equivalence was found to give the highest R2 value of 
0.977. The equations utilising Λ were found to have the lowest R2 values. The R2 values using 
the simple v-ratio and (CaO) were higher, at 0.971 and 0.973, respectively. Expanding the v-
ratio representation to include (MgO) increased the R2 value to 0.975. This is equal to the 
highest performing published equation (7.23).  
 
 
136 
 
The high R2 value achieved by equation 7.56 developed using CaO equivalence, is perhaps 
unsurprising as the majority of the top ten ranked published models used either CaO or CaO 
equivalence to represent basicity (equations 7.22, 7.21, 7.30, 7.9, 7.8, 7.13, and 7.17).  In 
comparing the best performing published equation (7.23) and equation 7.56, it could be argued 
that the use of equation 7.56 offers the advantage of incorporating the effect of (MgO), (P2O5), 
and (MnO) on dephosphorisation. This is significant as there is considerable variation in these 
oxides with hot metal composition ([P] and [Mn]), and BOS refractory preservation practices 
using (MgO) additions[151, 386, 387]. 
 
The poor fit of the Λ equations contrasts to the high fit to the laboratory data in Chapter 5. This 
may in part be due to incomplete dissolution of fluxes in the industrial slags. The CaO 
equivalence equations have a fit coefficient for each oxide (i.e. more degrees of freedom) 
enabling these equations to be fitted to slags with the incomplete dissolution of fluxes. The 
effects of Al2O3, V2O5 and TiO2 were not included in any of the new LP equations developed, 
except the equations using an optical basicity term. However, the high R2 value of the published 
equation (7.22) incorporating these oxides indicates further investigation may allow the new 
LP equation (7.56) to be improved.  
 
7.6. The effect of minor slag constituents on the measured LP 
The effect of increasing (Al2O3), (TiO2), and (V2O5) on the key thermodynamic and kinetic 
variables controlling dephosphorisation are summarised in Table 7.5. In general, a decrease in 
basicity and pO2 is expected to decrease the LP. However, this may be partly or fully offset by 
improved reaction kinetics caused by an increase in CaO dissolution, a decrease in apparent 
viscosity, and an increase in oxygen mobility in slag due to site hopping valence pairs (e.g.  
Ti3+/Ti4+ and V4+/ V5+) which is expected to increase the LP. 
 
Table 7.5: The effect of Al2O3, TiO2, and V2O5 on the mechanisms controlling LP. 
 Basicity pO2 
CaO 
Dissolution 
Apparent 
viscosity 
Valence 
pairs  
(Al2O3) ↓ - ↑ ↓ - 
(TiO2) ↓ ↓ ↑ ↓ ↑ 
(V2O5) ↓ ↓ ↑ ↓ ↑ 
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Basicity and pO2 
The effect of (Al2O3), (TiO2), and (V2O5) on the LP may be partly explained by the amphoteric 
nature of these oxides lowering the slag basicity and oxygen potential due to the oxidation of 
[Ti] and [V] to form (TiO2) and (V2O5). The effect of (TiO2) and [Ti] on the basicity and oxygen 
potential are discussed and explained in detail in chapter 5. (Al2O3) is expected to have minimal 
effect on the oxygen potential as (Al2O3) enters the BOS process primarily as carryover slag 
from the blast furnace. Consequently, the lower basicity and oxygen potential shift the 
dephosphorisation reaction in equation 2.3 to the left, thereby decreasing the LP. 
[P] + 
5
2
[O] + 
3
2
 (O2-) = (PO4
3−)  
 
CaO Dissolution 
The addition of (Al2O3), (TiO2), or (V2O5) may aid CaO dissolution in basic slags by reacting 
with the 2CaO‧SiO2 layer that forms around CaO particles inhibiting dissolution. Improved 
CaO dissolution may offset the negative effect of these oxides on the slag basicity as well as 
decreasing the apparent viscosity of the slag, particularly in high CaO slags.  Further work is 
required to confirm this speculation. 
 
Apparent Viscosity 
The effect of (TiO2) on the apparent viscosity may be dependent on the system oxygen potential 
since TiO2 additions have been found to increase slag viscosity under reducing conditions 
[388], while other studies have reported an increase in slag fluidity with (FeTiO3) additions in 
industrial trials [389]. Ohno and Ross [388] speculated the increase in apparent viscosity under 
reducing conditions was due to either the reduction of (TiO2) to [Ti] or Ti(C, N) formation. 
Given the highly oxidising conditions in the BOS process, an increase in apparent viscosity is 
unlikely to be significant. Although, it is acknowledged that these reducing conditions may 
exist before significant decarburisation of the metal has occurred, or close to the MgO-C 
refractory walls [390-393].  
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Valence Pairs 
The analysis of the droplet experiments conducted in this study found the rate of 
dephosphorisation increased with (TiO2) (sections 4.2.2 and 6.3). This increase was attributed 
to the Ti3+/Ti4+ pair enhancing the ability of O2- and O- to be transported via site hopping along 
a silicate chain in a molten slag. This mechanism may also occur with increasing (V2O5) due 
to the formation of the V4+/ V5+ pair. Hence, (Al2O3), (TiO2), or (V2O5) are expected to increase 
the rate of dephosphorisation in high oxygen potential basic slags due to improved CaO 
dissolution, possible improvements in apparent viscosity, and improved oxygen mobility in 
slag. Further work is required to confirm this speculation. 
 
Assessing the effect of minor slag constituents on LP in BOS Plant Data 
The effect of (Al2O3), (TiO2), and (V2O5) on the measured LP data was assessed using five 
databases (database 4-8) where the data were constrained to narrow ranges of temperature, 
basicity and oxygen potential thereby isolating the key dephosphorisation variables, as shown 
in Figure 7.3. This approach is limited by the difficulty in isolating the effects of highly 
correlated variables such as (TiO2) and (V2O5). Hence, it is expected that (TiO2) and (V2O5) 
would display similar correlations with the measured LP. 
 
Figure 7.3: Flow diagram of the approach used for assessing the effect of minor slag 
constituents. 
Database 1
11340 heats of data
Filtered by 
temperature, 
basicity, and oxygen 
potential
Database 4
696 heats of data
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2062 heats of data
Database 6
496 heats of data
Database 7
690 heats of data
Database 8
723 heats of data
LP versus 
(Al2O3), (TiO2), 
and (V2O5)
at different oxygen 
potential ranges
LP versus 
(Al2O3), (TiO2), 
and (V2O5)
at different basicity 
ranges
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The basicity and oxygen potential terms from LP equation 7.56, given in equations 7.57 - 7.58 
were calculated for database 1. Subsequently, databases 4-8 were produced by splitting 
database 1 into the basicity and oxygen potential ranges defined in Table 7.6.  
 
Basicity term = 100.016log((CaO)+0.04(MgO)+3.60(P2O5))+0.16(MnO)) 7.57 
Oxygen Potential term = 10(0.835log(%Fe𝑡)– 0.5438[C]) 7.58 
 
The gradient of the measured LP versus Al2O3, TiO2, and V2O5 plots at different oxygen 
potentials and basicities are given in Table 7.7 and shown in Figures 7.4 to 7.6.  The significant 
scatter observed in these figures is expected given the non-equilibrium nature and operating 
practice variability in BOS steelmaking [296], as discussed previously. Although the 
correlations observed with slag composition (TiO2, Al2O3, V2O5) are weak, they may be useful 
in informing future investigations under controlled laboratory conditions. 
 
Table 7.6: Filters applied to database 1 to obtain databases 4-8. 
Database Temperature  
Range 
Basicity Term Range 
(equation 7.57) 
Oxygen Potential Term Range 
(equation 7.58) 
4 1640 – 1680°C 6.0 ≤ basicity < 7.0 7.5 ≤ oxygen potential < 9.5 
5 1640 – 1680°C 6.0 ≤ basicity < 7.0 9.5 ≤ oxygen potential < 11.5 
6 1640 – 1680°C 6.0 ≤ basicity < 7.0 11.5 ≤ oxygen potential < 13.5 
7 1640 – 1680°C 7.0 ≤ basicity < 8.0 9.5 ≤ oxygen potential < 11.5 
8 1640 – 1680°C 5.0 ≤ basicity < 6.0 9.5 ≤ oxygen potential < 11.5 
 
Table 7.7: The gradient of the LP vs. Al2O3, TiO2, and V2O5 plots in Figures 7.4-7.6. 
 
pO2 Basicity 
Low Medium High Low Medium High 
Database 4 5 6 8 5 7 
(Al2O3) -0.06 +0.04 +3.01 -0.40 +0.04 +1.16 
(TiO2) -0.72 +0.63 +4.69 -4.15 +0.63 +0.28 
(V2O5) +1.39 +1.61 +3.21 -1.62 +1.61 +1.43 
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a) b)  
Figure 7.4: LP versus (Al2O3) by a) pO2 (databases 4-6), b) basicities (databases 6-8). 
a)  b)  
Figure 7.5: LP versus (TiO2) by a) pO2 (databases 4-6), b) basicities (databases 6-8). 
a) b)  
Figure 7.6: LP versus (V2O5) by a) pO2 (databases 4-6), b) basicities (databases 6-8). 
 
Increasing either (Al2O3) or (TiO2) was found to correspond to a decrease in the measured LP 
in both the low pO2 and low basicity databases (databases 4 and 8). An increase in (V2O5) was 
also found to correspond to a decrease in the measured LP in the low basicity database (database 
8). These observations (given in Table 7.7) are consistent with the expected decrease in LP 
caused by a decrease in basicity and oxygen potential, lowering the thermodynamic driving 
force for dephosphorisation, as outlined in Table 7.5. Furthermore, dephosphorisation may also 
be inhibited under these conditions by the formation of solid precipitates (e.g. Calcium or 
Magnesium titanates) increasing the apparent viscosity, thereby decreasing the mass transfer. 
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In contrast, increasing (Al2O3), (TiO2), or (V2O5) was found to correspond to an increase in LP 
in the medium to high pO2 and basicity databases. Increasing (V2O5) was also found to 
correspond to an increase in LP in the low pO2 data (database 4). These observations (given in 
Table 7.7) may in part be explained by an improvement in the kinetic conditions controlling 
dephosphorisation. Assuming the reaction is under a mixed slag-metal mass transfer control 
regime [7, 13, 108, 110, 138, 148, 149, 171, 350-355, 357], an improvement in mass transport 
(i.e. lower slag viscosity/ apparent viscosity or an increase in mobility of oxygen and 
phosphorus) is expected to increase the rate of dephosphorisation and therefore the measured 
LP, as outlined in Table 7.5. 
 
Summary of the effect of (TiO2) on the measured LP 
(TiO2) increases the LP in high pO2 and high basicity slags due to: 
▪ Higher rates of mass transfer of oxygen due to the presence of the Ti3+/Ti4+ pair. 
▪ Improved dissolution of CaO. 
▪ Relative effect of (TiO2) on overall slag basicity lower than in low basicity slag.  
 
(TiO2) decreases the LP in low pO2 and low basicity slags due to: 
▪ Lower rates of mass transfer of oxygen due to the formation of solid precipitates (e.g. 
Calcium or Magnesium titanates) increasing the apparent viscosity of the slag. 
▪ The lower thermodynamic driving force due to the decrease in slag basicity and oxygen 
potential from (TiO2) formation. 
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8. Industrial Relevance 
 
The LP and CPO43− thermodynamic data were evaluated in this study for synthetic slags in the 
CaO-SiO2-MgO-FetO-TiO2 system at temperatures and compositions representative of the 
BOS process. These data allow steelmakers to optimise hot metal processing to minimise flux 
usage and re-processing of out of specification heats due to varying [Ti] and TiO2 concentrations 
in the charged materials (e.g. hot metal, scrap, fluxes, etc.). For example, in the BOS, 
steelmakers often use the simple v-ratio of the predicted slag composition from a heat and mass 
balance of all charged materials to determine the CPO43− of a slag [121]. If the TiO2 concentration 
is high, the CPO43− is likely to be lower than predicted by simple v-ratio relationships. Correct 
prediction of the CPO43− of high TiO2 containing slags enables the steelmakers to add the correct 
amount of flux to achieve the required grade [P] specification.  
 
The mass transfer coefficient data evaluated for dephosphorisation of metal droplets in TiO2 
bearing slags correlate well with the operational experience from industry suggesting a 
moderate increase in TiO2 may aid the rate of phosphorus removal. These data are useful for 
industry in quantifying the effect of various slag constituents on the mass transfer of oxygen in 
slag, thereby providing an indication of the effect of slag composition on the rates of 
dephosphorisation and decarburisation in the BOS process. Improved understanding of the 
variables that affect the rates of reaction in the BOS may ultimately lead to an overall kinetic 
model for the BOS process. Such an overall kinetic model of the BOS process is a long-desired 
goal for steelmakers as it would enable accurate prediction of heat durations and final steel 
composition, thereby minimising re-processing costs, yield loss due to over-oxidation, and 
maximising production rates by minimising overblowing of heats. 
 
The empirical LP model developed in this study using industrial data from Port Kembla 
steelworks [121] may be of limited used for other BOS plants because of variations in effective 
equilibria (as explained in Chapter 7). However, the approach used and the structure of the 
different representations of basicity, oxygen potential and temperature are applicable to all 
BOS processes. Hence, this analysis of industrial data will inform industry on the development 
of an empirical LP model to fit their plant data. The difficulties in developing an accurate LP 
model from industrial data (as explained in Chapter 7) further emphasises the need to 
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investigate the effect of titanium on the thermodynamics (Chapter 5) and kinetics (Chapter 6) 
of dephosphorisation separately.  
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9. Conclusions 
 
The effect of titanium on phosphorus removal during basic oxygen steelmaking has been 
investigated in this study. TiO2 in the slag and Ti in the metal were both found to decrease the 
thermodynamic driving force for dephosphorisation, as measured by the LP and CPO43−. This 
has been attributed to the decrease in slag basicity with increasing TiO2 content. However, 
TiO2 in the slag increased the kinetics of dephosphorisation. TiO2 in the slag was found to 
increase mass transfer in the slag (i.e. kFeO) and to increase the overall mass transfer coefficient. 
This was attributed to the presence of the Ti3+/Ti4+ pair increasing the mobility of oxygen in 
the slag. In addition to the fundamental laboratory studies, analysis of industrial BOS data 
found increasing TiO2 correlated with increased phosphorus removal under high pO2 and 
basicity conditions. This observation may also be partly explained by the effect of the Ti3+/Ti4+ 
pair.  
 
9.1. LP and 𝐂𝐏𝐎𝟒𝟑−
 of Basic Oxygen Steelmaking Slags 
The effect of TiO2 and Ti on the dephosphorisation ability of synthetic slags in the CaO-SiO2-
MgO-FetO-TiO2 was evaluated in this study at temperatures and compositions representative 
of the BOS process by using Fe-P and Fe-P-Ti alloys in slag-steel equilibrium experiments. 
This approach has expanded the limited thermodynamic data available for TiO2-bearing slags 
to conditions relevant to integrated steelmaking operations. Increasing (TiO2) and [Ti] were 
found to lower both the LP and CPO43− in CaO-SiO2-MgO-FetO-TiO2 slags, which was attributed 
to lowering the slag basicity.  
 
The Assis et al. [1, 2] LP model was modified to include the effect of TiO2 on slag basicity to 
give good agreement with the LP data from this study and Selin’s study [3, 4]. Further, an 
empirical CPO43− model was developed to predict the capacities in the CaO-SiO2-MgO-FetO-
TiO2 slag system. The empirical CPO43− model was developed to overcome issues associated 
with the limited availability of thermodynamic data for TiOx in the CaO-SiO2-MgO-FetO 
system and the difficulties in determining the pO2 experimentally. The CPO43− model was 
developed using a large dataset of published slag and pO2 data for slag systems relevant to the 
BOS process and was validated using experimental CPO43− data from this study.  
The findings of this study are: 
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▪ Increasing slag basicity (as represented by either v-ratio, NBO/T, or Λ) increases the LP 
and CPO43− because the increase in O
2- stabilises the PO4
3−  ion in the slag. 
▪ Increasing TiO2 was found to lower the LP and CPO43− due to a decrease in slag basicity. 
This decrease in basicity with TiO2 was observed from both the NBO/T and Λ approaches. 
▪ Increasing pO2 (as represented by the FetO content of the slag) was found to increase the 
LP up to a maximum (~-9.0 log(pO2) or ~20 mass% FetO), after which an increase in (FetO) 
was found to dilute the basic oxides in the slag, thereby decreasing slag basicity and LP. 
▪ Increased [Ti] in the starting alloy increases the final slag (TiO2), decreases the final slag 
(FetO) and decreases the measured LP by lowering the pO2. 
▪ Increasing [Ti] increases the slag TiO2 but has no measurable effect on CPO43− over the 
ranges tested. This is attributed to the negligible effect the small increase in TiO2 had on 
slag basicity (as represented by NBO/T and Λ).  
▪ Increasing TiO2 was found to result in a small increase in pO2 for TiO2 bearing slags with 
a fixed v-ratio in this study. 
▪ Increasing temperature (1550°C to 1700°C) decreases the LP and CPO43− because of an 
increase in Gº decreasing the stability of P2O5. 
▪ The LP and CPO43− data from this study were found to be in good agreement with published 
data from Selin [3, 4], Suito et al.[34, 54], and Assis et al.[1, 2]. 
▪ The LP achieved with the TiO2 free slags used in this study were found to be in good 
agreement with those predicted from the Assis et al. LP model (equation 2.41). This 
represents an expansion of the model’s applicability and validation of the model for use at 
higher temperatures (up to 1700°C) and slag basicities (up to v-ratio ~5) representative of 
the industrial BOS process under equilibrium conditions.  
▪ The Assis et al. LP model was modified to include TiO2 using root mean square error 
minimisation and the LP data for TiO2 bearing slags from this study and Selin’s study.  
▪ The CPO43− model developed in this study is valid for temperature (1550°C-1700°C), 
basicity (v-ratio 1.8-5.6), TiO2 (0-18 mass%), and pO2 (log(pO2) -9.8 to -8.3) ranges 
representative of the BOS process. 
▪ The PO43-monomer was found to be the predominant phosphorus oxide ion structure in the 
experimental slags tested. 
9.2. Kinetics of Phosphorus Removal in Basic and TiO2 bearing Slags 
The effect of TiO2 on the kinetics of dephosphorisation in synthetic CaO-SiO2-MgO-FetO-
TiO2 slags was evaluated in this study at temperatures and compositions representative of the 
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BOS process using Fe-P-C-S droplets. An increase in the rate of dephosphorisation was 
observed with increasing TiO2 content of the slag in a mixed slag-metal mass transfer 
controlled system (i.e. droplet experiments or the BOS process). Increasing TiO2 was found to 
increase the overall mass transfer coefficient (ko), which was attributed to the presence of the 
Ti3+/Ti4+ pair improving the mobility of oxygen in the slag. This improved mobility of oxygen 
may, in part, explain the increase in the rate of dephosphorisation. 
 
The findings of this study are: 
▪ Rapid phosphorus removal occurs in the first second.  
▪ The dephosphorisation rate increases with (TiO2) content. 
▪ The initial decarburisation rate increased with slag (TiO2) content.  
▪ The maximum metal droplet volume increased with (TiO2) content. 
▪ Slag foam volume increased with (TiO2) content. 
▪ kFeO for the base slag (i.e. 0 mass% TiO2) is comparable to the 25 mass% (FetO) slag of Li 
and Barati [356] under the same conditions (temperature, slag viscosity, and 
decarburisation rate). 
▪ kFeO is higher in the TiO2 bearing slags after accounting for the effect of changes in slag 
viscosity, gas velocity, and gas bubble diameter. 
▪ The higher kFeO in the TiO2 bearing slags is because of the presence of the Ti3+/Ti4+ pair 
increasing the mobility of oxygen in the slag. 
▪ The initial km values (t<1s) in all slags tested were significantly higher (up to 30 times) 
than the secondary km values (t>1s). This is due to the higher initial decarburisation rate 
improving surface renewal of the droplet. 
o Given the very fast rate of dephosphorisation observed, the inability to obtain data 
earlier than one second with the experimental setup is a limitation in the approach 
used. The most conservative estimate of km in the initial stage of the reaction was 
made from the data available and used for further analysis.  
o The initial km values (t<1s) were found to decrease with TiO2 content. This was 
attributed to larger CO bubbles forming at the higher decarburisation rates, inhibiting 
transport pathways in the metal droplets. 
o The decarburisation rate was found to decrease with TiO2 content after ~ 20 seconds. 
This is most likely attributable to a lower driving force occurring following the higher 
initial rates of reaction.  
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o The secondary km values (t>1s) were found to increase with TiO2 content. This may 
in part be explained by lower secondary decarburisation rates (see the previous point) 
decreasing the size of CO bubbles thereby increasing the transport pathways in the 
metal droplet.  
▪ The initial ko (t<1s) is higher than the secondary ko (1<t≤20s) because of the higher initial 
decarburisation rates and therefore higher surface renewal of the droplet. 
 
9.3. Analysis of BOS Dephosphorisation Data 
The effect of TiO2 on dephosphorisation was evaluated using industrial BOS data via the 
development of a new LP model fitted to the data with structure informed by the fit of published 
LP models in the literature. The LP model developed was used to isolate the effect of TiO2 (and 
other minor oxides) on phosphorus removal. The effect of TiO2 was different under different 
BOS process conditions. Under low pO2 and basicity conditions TiO2 was found to inhibit 
dephosphorisation. This may be due to the TiO2 lowering the basicity and thereby lowering the 
driving force for dephosphorisation. However, TiO2 was found to promote dephosphorisation 
at high pO2 and basicity conditions. This may in part be explained by an increase in mass 
transfer due to the presence of the Ti3+/Ti4+ pair and lower apparent viscosity due to improved 
CaO dissolution. 
 
The findings of this study are: 
▪ LP equations that used a combination of (Fet) and [C] to represent oxygen potential had 
the highest fit to the tested database (database 3). 
▪ LP equations that used CaO equivalence containing CaO, MgO, P2O5, and MnO to 
represent basicity had the highest fit to industrial database 3. 
▪ Increasing Al2O3 and TiO2 decreases the LP in low pO2 and basicity slags due to the 
amphoteric nature of these oxides decreasing the slag basicity (basicity is only low relative 
to typical BOS conditions) and the oxidation of [Ti] to form TiO2. 
▪ Increasing Al2O3 and TiO2 increases the LP in high pO2 and high basicity slags. This may 
be, in part, due to the effect of these oxides on CaO dissolution, slag viscosity, oxygen 
mobility in the slag due to the Ti3+/Ti4+ pair or a combination of these phenomena. 
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10. Recommendations for Future Studies 
 
During the course of this study a number of areas have been identified for further investigation, 
including:  
1) The titanium and vanadium contents of iron ores are highly correlated. Hence future 
work is required to determine the effect of [V] and (V2O5) on the LP, CPO43−  and kinetics 
of phosphorus removal.  
2) The effect of (TiO2) on the interfacial tension between fully liquid slag and metal. 
3) The effect of various slag precipitates (e.g. calcium titanate and calcium-titania-silica 
compounds) on the interfacial tension between slag and metal. 
4) Investigate the effect of droplet bloating from the decomposition of titanium carbides 
and titanium nitrides relative to bloating caused by liquid iron decarburisation. 
5) The effect of TiO2 on the viscosity of BOS slags with a v-ratio > 2. 
6) The effect of TiO2 on the dissolution rate of CaO and MgO in a basic slag. 
7) The effect of Ti3+-Ti4+ and other multivalent oxides common in BOS slags (e.g. Mn2+ - 
Mn3+) on the mass transport of oxygen in the slag using similar approaches to that used 
by Barati and Coley [152, 153] (i.e. through measurement of the electronic 
conductivity). 
8) Determine if the improved dephosphorisation rates with TiO2, V2O3, and Al2O3 are pO2 
dependent, as suggested by the analysis of the industrial data (Chapter 7). 
9) Determine the effect of varying [Ti] contents on dephosphorisation rates and droplet 
bloating. 
10) Application of findings in the kinetic models being developed by Rout et al. [146] and 
subsequent comparison to industrial data. 
 
These recommendations cover both extensions of the current project, as well as areas where a 
lack of available data was identified.   
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12. Appendices 
 
Appendix 1. Thermodynamic Data 
 
Table A.1: Gibbs free energy of formation (ΔG°= ΔH°- ΔS°T Jmol-1) for important reactions 
in basic oxygen steelmaking 
Reaction ΔH  -ΔS  Reference 
2[P]+ 5[O] = (P2O5) –832384 + 632.65 [14] 
[C] + 
1
2
𝑂2 (𝑔) = CO(g) –136994 –43.54T [323, 394]* 
[Si] + 2[O] =(SiO2) –583797 +227.2T [323, 394] * 
[Ti] + 2[O] =(TiO2) –673360 +227.09T [321, 395] 
2[V] + 5[O] = V2O5(l) –827201 +435.952T [322, 323, 396]* 
[Mn] + [O] = (MnO) –240534 +104.09T [323, 394]* 
Fe(l) + 
1
2
𝑂2(𝑔) = FeO(l) –225460 +41.26T [323] 
Fe + [O] = FeO(l) –116950 +49.94T [323, 394, 397]* 
1
2
𝑂2(𝑔) = [𝑂] –115750 4.63T [14] 
*Calculated from Data in references 
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Appendix 2. Published Lp Equations 
Table A.2: Published LP equations developed for slags in CaO-SiO2-FetO-P2O5-(MgO, MnO, Al2O3, TiO2, and VO2) systems. 
No. Equation Slag Year ref 
12.1 logLp = 
68204.1
T
 – 10.8737 +1.5(%CaO) +0.5log(%P2O5)+2.5log(% Fet) 
CaO-SiO2-MgO-FetO-
MnO-P2O5 
1926 [30] 
12.2 logLp = 5.39log(%CaO) +0.5log(%P2O5) + 2.5log(%Fet) -10.292 
CaO-SiO2-MgO-FetO-
MnO-Al2O3-P2O5 
1946 
[16, 17, 
65] 
12.3 logLp = 5.9log(%CaO) +0.5log(%P2O5) + 2.5log(%Fet) -10.842 
CaO-SiO2-MgO-FetO-
MnO-Al2O3-P2O5 
1946 
[16, 17, 
65] 
12.4 logLp = 
35834
T
 – 16.42 – 1.5log(∑
%i
Mi
) + 0.5log(%CaO) + 0.5log(%P2O5) + 2.5log[%O] 
CaF2-CaO-SiO2-MgO-
FeO-Fe2O3-MnO- 
P2O5 
1946 [18] 
12.5 logLp = 5.39log(%CaO) +0.5log(%P2O5) + 2.5log(%Fet) -0.00447T-3.0355 
CaO-SiO2-MgO-FetO-
MnO-Al2O3-P2O5 
1947 
[15, 17, 
65] 
12.6 logLp = 5.9log(%CaO) +0.5log(%P2O5) + 2.5log(%Fet) -0.00461T+2.0845 
CaO-SiO2-MgO-FetO-
MnO-Al2O3-P2O5 
1947 
[15, 17, 
65] 
12.7 logLp = 7(NCa2+) + 
14660
T
 - 7.9266 + 2.5log(Fe2+) + 0.25log(O2-) 
CaO-SiO2-MgO-FeO-
Fe2O3-MnO-Al2O3-
P2O5 
1950 
[398, 
399] 
12.8 
logLp =-0.56[22NCaO + 15NMgO + 13NMnO + 12NFeO − 2NSiO2] - 
21000
T
 + 0.5logNP2O5 -
log[%P] +0.5log(%P2O5) +12.15 
CaO-SiO2-MgO-FetO-
MnO-P2O5 
1953 [24, 25] 
12.9 logLp = 
2625
T
 -7.787 + 
1
2
 log(%P2O5) + 2.5 log(%Fet) 
CaO-SiO2-MgO-FetO-
MnO-P2O5 
1954 [24, 27] 
12.10 logLp = 
22350
T
 + 7log(%CaO) + 2.5log(%FetO)-24.0 CaOsat.-SiO2- FetO 1970 [40] 
12.11 logLp = 
22350
T
 + 0.08(%CaO) + 2.5log(%FetO) - 16.0 CaOsat.-SiO2- FetO 1970 [40] 
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Table A.2 (continued): Published LP equations developed for slags in CaO-SiO2-FetO-P2O5-(MgO, MnO, Al2O3, TiO2, and VO2) systems. 
12.12 logLp = -0.6825 +0.63 NCaO +0.5log(%P2O5)+2.5(log(Fet) CaO-SiO2-MgO-FetO- P2O5 1971 [133] 
12.13 logLp =  5.6 log(%CaO) + 2.5 log(%Fet) + 
22350
T
 – 21.876 CaO-SiO2- FetO- P2O5 1977 [383] 
12.14 logLp = 5.49log(%CaO)-10.093 + 
1
2
 log(%P2O5) + 2.5 log(%Fet) 
CaO-SiO2-MgO-FetO-MnO 
-TiO2-Al2O3-P2O5 
1977 [11] 
12.15 logLp = 8.085log(%CaO)-13.678 + 
1
2
 log(%P2O5) + 2.5 log(%Fet) 
CaF2-CaO-SiO2-MgO-
FetO-P2O5 
1977 [11] 
12.16 logLp = 0.056(%CaO) + 2.5 log(%Fet) + 0.5 log(%P2O5) +  
12000
T
 – 10.42 CaO-SiO2- FetO-P2O5 1979 [382] 
12.17 logLp = 17.55Λ + 
29990
T
 - 23.737 + log[%P] + 2.5log[%O] 
CaO-SiO2-MgOSat.-FetO-
P2O5 
1981 [379] 
12.18 
logLp = 0.493(23NCaO+ 17NMgO+8NFetO+33NNa2O+41NBaO+21NCaF2-26NP2O5) + 
29560
T
-
18.944+ log(%P) + 0.5logNP2O5 + log[%P] + 2.5log[%O] 
 
CaO-SiO2-MgOSat.-FetO-
P2O5 
1981 [379] 
12.19 
logLp =  4.11 log[(%CaO) + 0.3(%MgO) - 0.05(%FeO)] + 
11370
T
  -13.687 – 2log(∑
%i
Mi
) + 
2.5 log(%Fet) + 0.5 log(%P2O5) 
CaO-SiO2-MgO-FetO-P2O5 1981 [34, 54] 
12.20 
logLp = 5.645 log[1.58(%Na2O) + (%CaO) + 0.3(MgO) – 0.05(%FetO)] + 2.5 log(%FetO) 
+ 0.5 log(%P2O5) – 10.327 
CaO-SiO2-FetO-P2O5 1981 [84] 
12.21 lnLp = Λ (−558.874 +
2175100
T
−
1930041500
T2
) – 24.3 +2.5log[%O] 
CaO-SiO2-MgO-FeO-
Fe2O3-P2O5- 
1982 [381] 
12.22 logLp = 5.89 log(%CaO) + 2.5 log(%Fet) + 0.5 log(%P2O5) +  
15340
T
 – 18.542 
CaO-SiO2-MgO-FetO-
P2O5-Al2O3-TiO2 
1982 [380] 
12.23 
logLp = 0.078 log [(%CaO) + (%CaF2) + 0.3(%MgO)] + 
10730
T
 – 13.423 + 
1
2
 log(%P2O5) + 
2.5 log(%Fet) 
CaF2-CaO-SiO2-MgO-FetO 1982 [35] 
12.24 
logLp = 8.22 log [(%CaO) + (%CaF2) + 0.3(%MgO)-0.05(%FeO)] + 
10365
T
 – 9.653 + 
1
2
 
log(%P2O5) + 2.5 log(%Fet) 
CaF2-CaO-SiO2-MgO-FetO 1982 [35] 
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Table A.2 (continued): Published LP equations developed for slags in CaO-SiO2-FetO-P2O5-(MgO, MnO, Al2O3, TiO2, and VO2) systems. 
12.25 
logLp = 
22350
T
 -20.504 + 5.6log[(%CaO) + 0.72(%CaF2)] + 2.5log(%Fet) + 7.1log[-9.6-
7.6log(
1
NCa
′ NO
′ ) -2.5log(
aFeO
NFe
′ NO
′ )] 
CaO-CaF2- FeO 1983 [400] 
12.26 logLp =  4.335log(%Na2O)-7.188 + 0.5log(%P2O5)+2.5(%Fet) SiO2-MgOSat.-FetO- P2O5-Na2O 1983 [401] 
12.27 
logLp =  
1873
T
[9.49+8.41log{(%CaO)+2.32(Na2O)}-4.78log(SiO2)]+5logao+0.26[C]+ 
36850
T
 
-24.94+log[%P] 
CaO-SiO2-Na2O- FetO 1983 
[85, 
88] 
12.28 logLp = 
22350
T
 + 0.08(%CaO) + 2.5log(%FetO) - 16.21 + 0.049(%CaF2) 
CaF2-CaO-SiO2-MgO-FetO-
P2O5- Al2O3 
1984 [134] 
12.29 logLp = 0.835log(%CaO)+0.95log(%FeO)- 
2810
T
-2.6155 + 0.5log(%P2O5) +2.5log(%Fet) 
CaO-SiO2- FetO- 
P2O5 
1984 [402] 
12.30 logLp = 17.55Λ + 5.72 – 
21680
T
 – 1.87 + log[%P] + 2.5log[%O] CaO-SiO2-MgOSat.-P2O5-MnO 1984 [379] 
12.31 logLp = 38.09Λ-21.81 + log[%P] 
CaO-SiO2-MgO-FetO-P2O5-
CaF2-Na2O 
1984 [379] 
12.32 
logLp = 0.0725[(%CaO) + 0.3(%MgO) -0.5(P2O5) + 0.6(%MnO)] + 
11405
T
 – 10.166  + 
1
2
 
log(%P2O5) + 2.5 log(%Fet) 
CaO-SiO2-MgOSat.-P2O5-MnO 1984 [37] 
12.33 
logLp = 3.935log[(%CaO) + 0.3(%MgO) -0.05(FetO) – 0.5(%P2O5) + 0.6(%MnO)] + 
11120
T
 
– 13.475  + 
1
2
 log(%P2O5) + 2.5 log(%Fet) 
CaO-SiO2-MgOSat.-FetO-P2O5-
MnO 
1984 [37] 
12.34 
logLp = 0.0720[(%CaO) + 0.3(%MgO) +0.6(P2O5) + 0.6(%MnO)] + 
11570
T
 – 10.520 + 
2.5log(%Fet) 
CaO-SiO2-MgOSat.-FetO-P2O5-
MnO 
1984 [37] 
12.35 
logLp=0.123[(%CaO) – 0.40(%MgO) – 0.64(%FetO) – 0.07(%MnO) – 1.50(%SiO2) – 
2.10(%P2O5)]- 
14780
T
 – 4.564 + 5log(%MnO) – 5log[%Mn] 
CaO-SiO2-MgOSat.-FetO-P2O5-
MnO 
1984 [290] 
12.36 
logLp = 0.0725[(%CaO) + 0.3(%MgO) – 0.5(%P2O5) + 1.2(%Na2O) + 0.9(%BaO)]  + 
11405
T
 – 10.166  + 
1
2
 log(%P2O5) + 2.5 log(%Fet) 
CaO-SiO2-MgO-FetO-P2O5-
Na2O-BaO 
1984 [36] 
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Table A.2 (continued): Published LP equations developed for slags in CaO-SiO2-FetO-P2O5-(MgO, MnO, Al2O3, TiO2, and VO2) systems. 
12.37 logLp = 0.092[(%Na2O) + 0.6(%CaO) + 0.1 (%MgO)] +2.5 log(%Fet) – 3.52 
CaO-SiO2-MgO-FetO-
P2O5-Na2O 
1985 [81] 
12.38 
logLp = 4.435 log [(%Na2O) + 0.7(%CaO) + 0.1(%MgO) +0.6(%MnO) – 0.9(%Al2O3)] + 7.383 + 
1
2
 
log %(P2O5) + 2.5 log(%Fet) 
CaO-SiO2-MgO-FetO-
P2O5-Na2O- 
1985 [81] 
12.39 logLp = log(22.4Λ + 3.14) +log0.326 + 2.5log[%O] 
CaO-SiO2-MgO-FetO-
P2O5-Na2O- 
1985 [81] 
12.40 logLp = 0.067[(%CaO) + 1.6(%Na2O)] +2.5 log(%Fet) +
7920
T
  – 8.09 
CaO and 
CaO-Na2O 
1985 [82] 
12.41 logLp = 0.092(%Na2O)+2.5 log(%FetO) – 3.79 SiO2- Na2O- Fe2O3- 1985 [403] 
12.42 logLp = 1.173[NCaO + 0.8NCaF2] +0.0729 + 2.5log[%O] CaF2-CaO-FetO-P2O5 1985 [338] 
12.43 logLp = 1.173[NCaO + 0.8NCaF2] +0.173 + 2.5log[%O] CaF2-CaO-FetO-P2O5 1985 [338] 
12.44 
logLp = 
11000
T
  +2.5log(%FeO) + 
1
T
  [162(%CaO) + 127.5(%MgO) + 28.5(%MnO)] - 6.28 x 10-4 
(%SiO2)
2 - 10.76 
CaO-SiO2-MgO-FeO-
MnO 
1985 [378] 
12.45 logLp = 
19872
T
-8.566+0.0667[(%CaO)+(%CaF2)] + 2.5log[%O] 
CaO-SiO2-MgO-FeO-
MnO 
1986 [377] 
12.46 
logLp = NCa2+ (
144270
T
− 36.70) + NMg2+ (
132900
T
− 36.25) + NMn (
124040
T
− 36.450) +
NFe2+ (
118190
T
− 25.65)-
29542
T
− 
(−122173−19.25T)
RT
 – 2.5
(−115750−4.63T)
RT
 + 0.5log(∑NiMi) + log(%O
2-) 
– 14.12 
CaO-SiO2-MgO- 
FetO-MnO-P2O5 
1986 [331] 
12.47 logLp = 4.335 log(%Na2O) – 7.188 + 
1
2
 log(%P2O5) + 2.5 log(%Fet) FetO-Na2O- SiO2 1986 [91] 
12.48 logLp = 2.5 log(%Fet) + 0.092(%Na2O) + 0.6(%MnO) -0.9(%Al2O3) – 3.54 
FetO-Na2O- SiO2- 
MnO-Al2O3 
1986 [83] 
12.49 
logLp = 4.435log[(%Na2O)+0.7(%CaO)+0.1(%MgO)+0.6(%MnO)-0.9(%Al2O3)]-
7.557+0.5log(%P2O5)+2.5log(%Fet) 
FetO-Na2O- SiO2- 
MnO-Al2O3 
1986 [83] 
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Table A.2 (continued): Published LP equations developed for slags in CaO-SiO2-FetO-P2O5-(MgO, MnO, Al2O3, TiO2, and VO2) systems. 
12.50 
logLp = 0.065[(%CaO) + 0.55(%MgO)]+ 
12230
T
 – 10.44 + 2.5log(%Fet) 
logkp= log
(%𝑃2𝑂5)
[%P]2(%Fe𝑡O)5
 = 0.130[(%CaO) + 0.55(%MgO)]+ 
24460
T
 – 20.88 – log(%P2O5) 
CaO- SiO2-MgO-FetO 1986 [339] 
12.51 logLp = 0.0715[(%CaO) + 0.55(%MgO)]+ 
6990
T
 + 8.313 +  
1
2
 log(%P2O5) + 2.5 log(% Fet) CaO- SiO2-MgO-FetO 1986 [339] 
12.52 
logLp = 0.092[%Na2O + 0.8 %CaO + 0.1 %MgO + 0.6 %MnO – 0.9 %Al2O3] +2.5 log(%Fet) -
3.54 
CaO-SiO2-MgO-MnO- 
FetO-Na2O-Al2O3 
1987 [39] 
12.53 logLp = 0.092(%Na2O) +2.5 log(%Fet) -3.54 
CaO-SiO2-MgO-MnO- 
FetO-Na2O-Al2O3 
1987 [39] 
12.54 
logLp = 4.435log [(%Na2O) + 0.7(%CaO) + 0.1(%MgO)] + 7.383 + 
1
2
 log(%P2O5) + 2.5 
log(%Fet) 
CaO-SiO2-MgO-MnO- 
FetO-Na2O-Al2O3 
1987 [39] 
12.55 logLp = 0.071[1.5(%Na2O) + (%CaO) + 0.1(%MgO) + 4.4] +2.5 log(%Fet) +
8260
T
 - 8.56 
CaO-SiO2-MgO-FetO-
Na2O 
1987 [38] 
12.56 
logLp = 4.45 log [(%CaO) + 0.3(%MgO) +1.6(%Na2O) + 5.0] - 
9050
T
 – 13.658 + 
1
2
 log(%P2O5) 
+ 2.5 log(%Fet) 
CaO-SiO2-MgO-FetO-
Na2O 
1987 [38] 
12.57 logLp = 0.071[(%CaO) + 0.1(%MgO)] +2.5 log(%Fet) +
8260
T
 - 8.56 
CaO-SiO2-MgO-FetO-
Na2O 
1987 [38] 
12.58 
logLp = 1.53126log(%FeO)+3.23369log(%CaO)-5.3505+ log (
1.6+√(%PD)
1.820
) - 
0.00129(
(%Al2O3)
(%Al2O3)+(%SiO2)+(%TiO2)+(%VO2)
)-0.00098(
(%TiO2)
(%Al2O3)+(%SiO2)+(%TiO2)+(%VO2)
)-
0.00026(
(%VO2)
(%Al2O3)+(%SiO2)+(%TiO2)+(%VO2)
)– 6.909 + 
12940
T
 
 
CaO-FetO-MgOsat-
SiO2- P2O5 
1987 [3, 4, 9] 
12.59 logLp = 3.52 log(%CaO) -  
T+17.8
4977
 + 2.5log(%FeO) +0.5log(%P2O5) -0.258 CaO-FetO- SiO2- P2O5 1987 [6] 
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Table A.2 (continued): Published LP equations developed for slags in CaO-SiO2-FetO-P2O5-(MgO, MnO, Al2O3, TiO2, and VO2) systems. 
12.60 logLp= 21.55Λ + 
32912
T
 - 27.90 + 2.5 log[%O] 
CaO-SiO2-MgOSat.- 
FetO-Al2O3-TiO2-VO2-
P2O5 
1988 [326] 
12.61 logLp=17.58Λ – 7.86 + 2.5 log[%O] 
CaO-SiO2-MgOSat.- 
FetO-Al2O3-TiO2-VO2-
P2O5 
1988 [74] 
12.62 logLp= 21.55Λ + 
32912
T
 - 27.90 + 2.5 log[%O] 
CaO-SiO2-MgOSat.- 
FetO-Al2O3-TiO2-VO2-
P2O5 
1988 [74] 
12.63 logLp= 2.016B′ - 0.34(B′)2 + 
52600
T
 – 11.993 + 2.5 log[%O] 
CaO-SiO2- MgOSat.- 
FetO 
1988 [288] 
12.64 
logLp = 23.20 + 0.70(
NMgO+ NCaO
NSiO2+ 1.05NAlO1.5
) - 2.946(
NMgO
NMgO+ NCaO
) -
(−122173−19.25T)
RT
 – 
2.5
(−115750−4.63T)
RT
 +2.5log[%O] 
CaF2-CaO-SiO2- FetO- 
Al2O3-P2O5-Na2O 
1990 [287] 
12.65 
logLp = -11.88 + 
23306
T
 + (%Fet)(0.06404 −
267.8
T
) + (%Fet)2(−0.5347 × 10−3 +
1.959
T
)
2
+
[%Mn](16.09 −
32941
T
) + 2.5log (%Fet) 
CaO-SiO2-MgO- FetO-
MnO-Al2O3-P2O5 
1991 [404] 
12.66 
logLp = 5.60 log[(%CaO) + 0.3(%MgO) + 0.05(%FetO)] + 
14800
T
 – 18.038 + 0.5log(%P2O5) + 
2.5 log(%Fet) 
 
CaO-SiO2-MgO- FetO- 
Al2O3-TiO2-P2O5 
1991 [10] 
12.67 
logLp = –18.671 + 35.84Λ – 22.35Λ2 + (
22930Λ
T
)– 0.06257(%FeO) – 0.04256(%MnO) + 
0.359(%P2O5)
0.3 + 2.5log[%O] 
CaO-SiO2-MgO- FetO-
MnO-Al2O3-P2O5 
1992 [77, 78] 
12.68 
logLp = 0.0720[(%CaO) + 0.3(%MgO) + 0.6(%P2O5) + 0.2(%MnO) + 1.2(%CaF2) – 
0.5(%Al2O3)] + 
11570
T
 – 10.52 + 2.5log(%Fet) 
CaO-SiO2- MgOSat.-- 
FetO-MnO-Al2O3-P2O5 
1995 [292] 
12.69 logLp = 
21740
T
 -9.87 + 0.071[(%CaO) + (%CaF2) + 0.3(%MgO)] + 2.5log[%O] 
CaO-SiO2-MgO-FetO-
MnO-P2O5 
1996 
[14, 375, 
376] 
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Table A.2 (continued): Published LP equations developed for slags in CaO-SiO2-FetO-P2O5-(MgO, MnO, Al2O3, TiO2, and VO2) systems. 
12.70 logLp = 19.05Λ-0.148+ 0.5[log∑(
%i
Mi
) + log(%P2O5)] + 2.5log[%O] -2.5
(−115750−4.63T)
RT
 
CaO-SiO2- MgOSat.-
FetO-Al2O3-P2O5 
1997 [312] 
12.71 
logLp = 0.0720[(%CaO) + 0.15(%MgO) + 0.6(%P2O5) + 0.6(%MnO)] +2.5 log(%Fet) + 
11570
T
 
– 10.50 
CaO-SiO2-MgO-FetO-
P2O5 
2000 [374] 
12.72 logLp =  1.987(
(%CaO)+(%MgO)
(%SiO2)+(%Al2O3)+(%P2O5)
)+0.089[(%FetO)+(%MnO)]-1.708 
CaO-SiO2-MgOSat.-
FetO-MnO-Al2O3-P2O5 
2000 [333] 
12.73 
logLp = 2.5log(%Fet) +0.0715{(%CaO) + 0.25(%MgO)} + 
7710.2
T
 – 8.55 + ( 
105.1
T
 + 
0.0723)[%C] 
CaO-SiO2-MgO-FetO-
MnO-P2O5 
2001 
[372, 
373] 
12.74 logLp = 2.5log(%Fet) +0.0715{
(%CaO)/(%SiO2)
1+(%CaO)/(%SiO2)
(80 − 
71.85
55.85
(%𝐹𝑒𝑡))-3.23} 
CaO-SiO2-MgO-FetO-
MnO-P2O5 
2001 
[372, 
373] 
12.75 logLp = -12.24 + 
20000
T
 + 2.5log(FetO) + 6.65log (
(%CaO)+0.8(%MgO)
(%SiO2)+(Al2O3)+0.8(%P2O5)
) +0.13[%C] 
CaO-SiO2-MgO-FetO-
P2O5 
2005 [317] 
12.76 logLp = -1.97XCa2+ + 2.0XFe2+ - 2.04XSiO4+4+ 
6713
T
 -1.84 
CaO-SiO2-MgO-FetO-
P2O5 
2007 
[49, 52]  
[53] 
12.77 logLp = 
11913
T
 + 0.0066(%CaO) – 0.0123(%MgO) – 1.2270[%C] + 0.00426(%FetO) -4.384 
CaO-SiO2-MgO-FeO-
Al2O3–TiO2-V2O5–P2O5 
2009 [371] 
12.78 logLp = 
9736
T
 + 0.0023(%CaO) – 0.0094(%MgO) – 0.1910[%C]+ 0.00053(%FetO) -3.297 
CaO-SiO2-MgO-FeO-
Al2O3–TiO2-V2O5–P2O5 
2009 [371] 
12.79 
logLp = 0.0680[(%CaO)+0.42(%MgO)+1.16(%P2O5)+0.2(%MnO)] + 
11570
T
 -10.520 + 2.5 
log(%Fet) 
 
CaO-SiO2- MgO-FetO-
MnO-P2O5 
2012 [1, 296] 
12.80 
logLp = 0.06[(%CaO) + 0.37(%MgO) + 4.65(%P2O5) – 0.05(Al2O3) – 0.2(%SiO2)] + 
11570
T
 – 
10.52 + 2.5log(%Fet) 
CaO-SiO2-MgOSat.-
FeO-Al2O3–P2O5 
2014 
[367, 
368] 
 
ix 
  
 
 
 
Appendix 3. Alloy [P] & [Ti] Distribution Analysis 
A 20mm x 20mm x 62mm plate cut as cross section of the Fe-P-Ti (0.3 mass% Ti) alloy prepared was analysed at various points using ARC-OES, 
as shown in Figure A.1 and Table A.3 to verify uniformity of composition. The standard deviation for [P] and [Ti] was found to be similar to or 
less than the measurement uncertainty. Hence, the alloys were found to have a uniform [P] and [Ti] content within the measurement uncertainty 
of the ARC-OES technique. 
 
Figure A.1: Fe-P (0.3 mass% Ti) alloy cross section plate composition analysis locations. 
 
Table A.3: Fe-P-Ti (0.3 mass% Ti) alloy composition by position 
 Average Standard deviation Uncertainty 1 2 3 4 5 6 7 8 
C 0.029 0.004 ±0.006 0.022 0.022 0.03 0.028 0.032 0.032 0.027 0.035 
P 0.171 0.012 ±0.01 0.16 0.16 0.22 0.19 0.19 0.17 0.17 0.16 
Mn 0.221 0.003 ±0.01 0.22 0.22 0.23 0.22 0.22 0.22 0.22 0.22 
S 0.01 0.003 ±0.004 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Ti 0.301 0.02 ±0.03 0.29 0.28 0.34 0.31 0.32 0.3 0.29 0.28 
1
2
3
4 6
5 7
8
62mm (crucible ID)
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Appendix 4. Alloy Inclusion Analysis 
SEM EDS analysis of alloy inclusions was conducted on the base Fe-P alloy and the Fe-P-Ti 
(0.3 mass% Ti) alloys to verify Ti was present in solution and had not formed TiO2 inclusions. 
Minimal change was observed in the TiO2 inclusion, indicating the Ti alloy was not oxidising 
and going into solution, as shown in Table A.4. A notable increase in TiS inclusions were found 
to replace the MnS inclusions. This is expected as TiS inclusions are more stable below 1350°C 
(FactSage ΔG° data). Given the experimental temperatures are significantly above this 
temperature the majority of the titanium will be present in solution. 
 
Table A.4: Alloy inclusion analysis for the Fe-P and Fe-P-Ti (0.3 mass%) alloys. 
Description 
Fe-P Fe-P-Ti 
% % 
Mn-Si-P-S 25.3 0.7 
Al-Si-S 0.4 0.0 
SiS 0.0 0.0 
Al-Mn-S 4.4 0.0 
Al2O3 1.5 0.0 
SiSP 2.9 0.0 
MnS 33.7 0.0 
Al-Si-Mn-S 3.6 0.0 
AlS 0.0 0.0 
Mn-Si-Ti-P-S 4.7 4.5 
Other 12.8 1.0 
SiO2 2.6 0.0 
AlSP 0.7 0.0 
TiO2 0.2 0.3 
TiS 0.4 87.1 
MnSP 5.5 0.1 
MnO 0.0 0.0 
AlP 0.0 0.0 
SiP 1.1 0.1 
TiP 0.4 0.4 
MnP 0.0 0.0 
TiSP 0.0 4.3 
Al-Ti 0.0 0.4 
Al-Ti-S 0.0 1.1 
Total 100.0 100.0 
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Appendix 5. UoW XRF Calibration Records 2012 To 2016 
AMETEK SPECTRO XEPOS energy dispersive polarization XRF spectrometer was calibrated 
using certified international (W2) and national (ANU15) standards, given in Table A. 
 
Table A.5: Energy Dispersive X-Ray Fluoroscopy calibration Standards composition in 
mass%. 
Standard MgO Al2O3 SiO2 P2O5 CaO TiO2 MnO Fe2O3 
ANU15 6.93 13.68 49.64 0.28 11.47 2.79 0.16 12.13 
W2 6.39 15.34 52.45 0.13 11.00 1.09 0.16 10.80 
 
The ANU15 and W2 standard were used to calibrate the machine 40 times between 2012-2016, 
the maximum, minimum and average error record for each oxide is shown in Tables A.6 and 
A.7. 
 
Table A.6: XRF results % error at calibration using ANU15 standard 2012-2016. 
Standard MgO Al2O3 SiO2 P2O5 CaO TiO2 MnO Fe2O3 
Maximum 1.80 0.08 0.13 5.11 1.24 1.31 2.96 2.36 
Average 0.60 -0.44 -0.65 2.87 0.11 0.33 1.40 1.00 
Minimum -0.73 -0.88 -1.33 0.97 -1.92 -1.95 -2.11 -2.12 
 
Table A.7: XRF results % error at calibration using W2 standard 2012-2016. 
Standard MgO Al2O3 SiO2 P2O5 CaO TiO2 MnO Fe2O3 
Maximum 4.19 2.02 2.05 4.92 1.40 0.08 2.11 3.37 
Average 2.08 -0.52 -0.68 1.70 -0.15 -1.43 0.32 0.21 
Minimum -0.12 -1.41 -1.40 -0.38 -2.21 -4.16 -2.34 -2.06 
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Appendix 6. Droplet Experiments X-Ray Images 
The X-ray images produced from the droplet experiments are documented in this appendix. 
 
Table A.8: X-ray images from 0 mass% TiO2 droplet experiments (3 repeats). 
Time 
(s) 
No. 1 No. 2 No.3 
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1 
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Table A.9: X-ray images for the 5 mass% TiO2 droplet experiments (3 repeats). 
Time (s) No. 1 No. 2 No.3 
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Table A.10: X-ray images for the 10 mass% TiO2 droplet experiments (3 repeats). 
Time (s) No. 1 No. 2 No.3 
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Appendix 7. R2 values for Published Lp Equations tested on Database 3  
The R2 values for all the published LP equations tested on the industrial data in chapter 7 are 
shown in Table A.11. 
 
Table A.11: The R2 values for Published LP Equations tested on database 3. 
LP equation  R2  
7.1 0.851 
7.2 0.926 
7.3 0.759 
7.4 0.868 
7.5 0.760 
7.6 0.813 
7.7 0.843 
7.8 0.969 
7.9 0.973 
7.10 0.972 
7.11 0.262 
7.12 0.887 
7.13 0.928 
7.14 0.582 
7.15 0.512 
7.16 0.795 
7.17 0.926 
7.18 0.686 
7.19 0.309 
7.20 0.522 
7.21 0.942 
7.22 0.963 
7.23 0.975 
7.24 0.466 
7.25 0.525 
7.26 0.419 
7.27 0.323 
7.28 0.917 
7.29 0.494 
7.30 0.927 
7.31 0.887 
7.32 0.847 
7.33 0.869 
7.34 0.913 
7.35 0.791 
7.36 0.914 
7.37 0.921 
 
